10/560,491 



Amendments to the Drawings 

The attached sheet of drawings includes changes to Fig. 11. This sheet, which 
includes Figs. 11 and 2, replaces the original sheet including Figs. 11 and 2. In Fig. 11, 
the SEQ ID NO. has been inserted to identify the corresponding listed sequence. 

Attachment: Replacement Sheet 

Annotated Sheet Showing Changes 
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Remarks 

Applicants respond to the Office Action dated August 18, 2008, for which a three 
month period of response is given. Upon entry of the foregoing amendment, claims 1 , 
3-5, 7-8, 16-19 and 34 will be pending in the application. Claims 2, 6, 9-15, 20-33 and 
35-40 have been canceled. 

The specification has been amended to insert a reference to SEQ ID NO: 45-48 
after the corresponding amino acid sequences throughout the specification. Support for 
the amendment is found on page 46, lines 21-25. Support for the amendment on page 
109 can be found in the specification as originally filed. 

In amended Fig. 11, the previously omitted SEQ ID NO. 2-35 have been added. 
Support for the amendment can be found at page 51, line 14 through page 52, line 15 of 
the specification. 

Sequence Rules 

Applicants respectfully submit that in the amended claims, specification and 
drawings, the amino acid sequences are indentified by SEQ ID Nos. All of the 
sequences appearing in the claims, specification and drawings are included in the 
Sequence Listing as originally filed on December 12, 2005. 

Claim Objections 

Claims 1-19 and 34 have been objected as reciting non-elected subject matter. 
In view of the amendments to the claims, Applicants respectfully submit that the 
objection has been overcome. 

Claim Rejections - 35 USC §112 

Claims 3 and 4 have been rejected under 35 U.S.C. §112, first paragraph, as 
being noncompliant with the enablement and written description requirements. The 
Examiner contends that the specification does not enable a person skilled in the art to 
make the invention where the natural a-glucan phosphorylase has at least 50% identity 
with position 1 to position 916 of SEQ ID NO: 2 (claim 3) or where the amino acid 
sequence of the natural a-glucan phosphorylase is encoded with a nucleic acid 
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molecule which hybridizes under stringent conditions (claim 4). 

Regarding claim 3, the Examiner states that the specification does not support 
the broad scope of the claims because the specification does not establish (A) regions 
of the protein structure which may be modified without effecting a-glucan phosphorylase 
activity, (B) the general tolerance of a-glucan phosphorylase enzyme to modification 
and extent of such tolerance, (C) a rational and predictable scheme for modifying any a- 
glucan phosphorylase enzyme residues with an expectation of obtaining the desired 
enzymatic or biological function and being thermostable, and (D) which of the 
essentially infinite possible choices is likely to be successful. Regarding claim 4, the 
Examiner contends that the specification does not sufficiently define the stringent 
conditions under which the hybridizations are to take place and that given the 
unpredictability of the art and the nature of hybridization experiments in general, it is not 
sufficient to merely cite hybridization without clear and explicit recitation of the 
conditions associated with the hybridization. 

With regard to the written description requirement, the Examiner contends that 
there is no information in the disclosure such as drawings or structural formulas that 
would indicate which amino acids can be varied from SEQ ID NO: 2 in the claimed 
genus and still retain the catalytic activity. The Examiner contends that this lack of 
disclosure along with the lack of knowledge and predictability in the art would not 
indicate to a person skilled in the art that applicant was in possession of the claimed 
genus based on the disclosure of several naturally occurring proteins having a-glucan 
phosphorylase enzyme activities without guidance to specific modifications. 

Applicants respectfully disagree with the Examiner's contentions. The present 
invention relates to an a-glucan phosphorylase having improved thermostability, which 
is obtained by modifying a natural a-glucan phosphorylase. Claim 3 recites a natural a- 
glucan phosphorylase which is used for modification. As described on page 29, lines 
26-29, "a-glucan phosphorylase" means an enzyme having a-glucan phosphorylase 
activity. Thus, the natural a-glucan phosphorylase recited in Claim 3 has a-glucan 
phosphorylase activity and at least 50% identity with an amino acid sequence of 
position 1 to position 916 of SEQ ID NO: 2. Claim 3 is not intended to cover a non- 
natural a-glucan phosphorylase being modified based on the amino acid sequence of 



15 



10/560,491 



SEQ ID NO: 2 in the natural oc-glucan phosphorylase. 

As described on page 31, lines 6-8, it is thought that a-glucan phosphorylase is 
ubiquitously present in various plants, animals, and bacteria which can store starch or 
glycogen, and it is thought that the plants, which can store starch or glycogen, have an 
active a-glucan phosphorylase. 

Regarding the naturally occurring a-glucan phosphorylase, Applicants submit the 
attached Exhibit 1: Structure and properties of Thermus aquaticus a-glucan 
phosphorylase expressed in Escherichia coli. T. Takaha, M. Yanase, H. Takata and S. 
Okada. J. Appl. Glycosci., (2001) 48, 71-78. Exhibit 1 describes the alignment score 
(%) between the amino acid sequences of glucan phosphorylase from various sources 
(e.g., bacterial, plant, and animals). Exhibit 1 also describes that glucan phosphorylase 
obtained from potato has a very low similarity (e.g., 9 and 10 %) to glucan 
phosphorylase obtained from bacteria (see Fig. 5 on page 77 of 
Exhibit 1). Moreover, the amino acid sequences of glucan phosphorylase derived from 
similar species having similar properties have a relatively high similarity of 30-40%. 

As described in Table 4 on page 66 of the present specification, the percent 
identity (%) between the amino acid sequences of a-glucan phosphorylase derived from 
plants are very high and are 57% or more with regard to 15 a-glucan phosphorylase 
shown in Table 4. Therefore, it would have been known to one of ordinary skill in the 
art, based on an active natural amino acid sequence, to obtain an active modified amino 
acid sequence by modifying one or several amino acid acids. Furthermore, the amino 
acid residue essential for glucan phosphorylase activity on the amino acid sequence of 
glucan phosphorylase was known in the art at the time of filing the present application. 
Applicants submit the attached Exhibit 2: Evolution of allosteric control in glycogen 
phosphorylase. John W Hudson, G. Brian Golding and Michael M Crerar. J. Mol. Biol., 
(1993) 234, 700-721. 

Exhibit 2 indicates the comparison of many amino acid sequences of glucan 
phosphorylases (also known as Glycogen Phosphorylase). At the highlighted portion in 
Fig.1 on page 707, the motif sequence 3L "RIVKFITDV" is indicated in the sequence of 
PotL. Fig. 1 indicates that amino acid residues at the site of motif sequence 3L are not 
involved in glucan phosphorylase activities and are not essential for glucan 
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phosphorylase activities. Furthermore, Exhibit 2 indicates the amino acid residue which 
is essential for glucan phosphorylase activity. 

Thus, the a-g!ucan phosphorylase having improved thermostability recited in 
claims 1 and 3 is fully supported in the originally filed application. 

With regard to claim 4, Applicants have amended claim 4 to recite the details of 
the stringent conditions. The specification states that the selection of appropriate 
stringent conditions is well-known to those skilled in the art (page 67, lines 4-22) and 
describes a specific example of suitable stringent conditions (see lines 10-22). Thus the 
disclosure provides sufficient guidance to enable a person skilled in the art to make the 
invention of claim 4 in a manner reasonably correlated with the scope of the claims 
without undue experimentation. Applicants respectfully request withdrawal of the 
rejection of claims 3 and 4 under 35 U.S.C. §112, first paragraph. 

Claims 1-19 and 34 have been rejected under 35 U.S.C. §112, second 
paragraph, as being indefinite. The Examiner contends that the phrase "derived from a 
plant" or "plant derived" are vague in the context used. As suggested by the Examiner, 
Applicant has amended claims 1 , 8 and 34 to recite the phrase "obtained from a plant". 
Applicants respectfully request withdrawal of the rejection of claims 1, 3-5, 7-8, 16-19 
and 34 under 35 U.S.C. §112, second paragraph. 

Claim Rejection - 35 USC §101 

Claims 1-19 and 34 have been rejected under 35 U.S.C. § 101 as being directed 
to non-statutory subject matter. The Examiner states that "in the absence of the hand of 
man," naturally occurring proteins and/or nucleic acids are considered non-statutory 
subject matter, but that the rejection may be overcome by amending claims 1 and 34 to 
recite wording such as "an isolated a-glucan phosphorylase". 

Applicants respectfully disagree, as the current claim language does not recite a 
naturally occurring protein or nucleic acid but rather recites a protein that is obtained by 
modifying a natural protein. The claims indicate that the modified protein is obtained by 
modifying an amino acid residue in a particular motif sequence. Thus, the claims recite 
a protein that has been modified by the hand of man. Applicants respectfully request 
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withdrawal of the rejection under 35 U.S. C. §101. 

Conclusion 

In view of the foregoing amendments and remarks, it is believed that the 
application is in condition for allowance and a notice of allowance is therefore 
respectfully requested. 

In the event any fee or additional fee is due in connection with the filing of this 
paper, the Commissioner is authorized to charge those fees to our Deposit Account No. 
18-0988 (under Docket Number YAMAP0997US). In the event an extension of time is 
needed to make the filing of this paper timely and no separate petition is attached, 
please consider this a petition for the requisite extension and charge the fee to our 
Deposit Account No. 18-0988 (under Docket Number YAMAP0997US). 

Respectfully submitted, 

RENNER, OTTO, BOISSELLE & SKLAR, LLP 

By /Heidi A. Boehlefeld/ 

Heidi A. Boehlefeld, Reg. No. 34,296 

1621 Euclid Avenue 
Nineteenth Floor 
Cleveland, Ohio 44115 
(216) 621-1113 
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Structure and Properties of Thermus aquaticus cc-Glucan 
Phosphorylase Expressed in Escherichia coli 



Takeshi Takaha,* Michiyo Yanase, Hiroki Takata and Shigetaka Okada 



Biochemical Research Laboratory, Ezaki Glico Co., Ltd. 
(4-6-5, Utajima, Nishiyodogawa-ku, Osaka 555-8502, Japan) 



The a-glucan phosphorylase gene from Thermus aquaticus was isolated using partial amino 
acid sequences of purified enzyme. The identity of the gene was confirmed by expression in Es- 
cherichia coli resulting in thermostable glucan phosphorylase activity. The open reading frame of 
this gene consisted of 2460 bp and encoded a polypeptide of 819 amino acids. The deduced amino 
acid sequence exhibits high identity (32-43%) to 7 putative and 2 characterized glucan phosphory- 
lases, but showed weak similarity to other well characterized glucan phosphorylases from various 
sources. Due to its high expression level and thermal stability, the recombinant enzyme was easily 
purified from E. coli cell extracts, and employed to characterize its activity. The smallest primer 
molecule for a synthetic reaction was maltotriose and the smallest effective substrate for a degrada- 
tion reaction was maltotetraose. These results suggest that T. aquaticus glucan phosphorylase, and 
at least 9 other enzymes, form a new group of glucan phosphorylases whose structure and substrate 
specificity differ from the traditional glucan phosphorylases. The purified enzyme was also em- 
ployed to investigate the effect of temperature and pH on the activities in both directions. The ac- 
tivity exhibited a pH optimum of 8.0 for phosphorolytic reaction but 7.0 for synthesis reaction. The 
optimum temperature for phosphorolytic reaction was 80-85°C, while the one for synthesis reaction 
was 50°C. 



o-Glucan phosphorylase (EC 2.4.1.1) catalyzes 
the reversible phosphorolysis of cr-l,4-glucan and 
is widely distributed in microorganisms, plants and 
animals. All known a -glucan phosphorylases re- 
quire pyridoxal 5'-phosphate for activity and seem 
to share a similar catalytic mechanism." Although 
enzymes from distinct origin differ in their sub- 
strate preference and their mode of regulation, all 
phosphorylases belong to a large group of highly 
homologous phosphorylases, comprising glycogen 
phosphorylases from bacteria, yeast and animals, 
starch phosphorylases from plants, and maltooligo- 
saccharide phosphorylases of bacteria."' 

It has been reported that the smallest primer 
molecule for glucan synthetic reaction of glucan 
phosphorylase is maltotetraose, and the smallest 
effective substrate for glucan degradation reaction 
was maltopentaose, and generally believed that this 



*To whom correspondence should be addressed. 



is the common feature for glucan phosphorylases. 
However, the enzymes from Thermus thermophi- 
lus n and Thermococcus litoralis 2 ' were recently re- 
ported to have distinct substrate specificity, where 
maltotriose is the smallest primer for glucan syn- 
thesis and maltotetraose is the smallest substrate 
for glucan degradation. 

An increasing number of glucan phosphorylase 
or hypothetical glucan phosphorylase genes are 
now available largely because of the rapid progress 
in microbial genome projects. We have found that 
some recently identified glucan phosphorylases 
showed very weak similarity to traditional glucan 
phosphorylases, and might constitute a new sub- 
group. More interestingly, the glucan phosphory- 
lase from T. litoralis, which has a distinct sub- 
strate specificity as mentioned above, also belongs 
to this new sub-group. This may suggest the corre- 
lation between the new structure and new substrate 
specificity. Unfortunately, none of other enzymes 
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belonging to this new sub-group was characterized 
for its substrate specificity, so the structure of glu- 
can phosphorylase from Thermits spices, is of 
great interest to investigate this hypothesis. 

The aim of this work is primarily to isolate the 
gene for Thermus aquaticus, and investigate the 
similarity of its primary structure with the charac- 
terized and putative phosphorylases especially with 
the one from T. litoralis. This work also aims to 
characterize the substrate specificity and other 
properties of the recombinant enzyme purified 
from E. coli in order to seek the exploitation of 
this enzyme for the synthesis of amylose s> and 
glucose 1 -phosphate." 

MATERIALS AND METHODS 

Materials. Maltooligosaccharides were pur- 
chased from Hayashibara Biochemical Laboratories 
Inc. (Okayama, Japan). Unless otherwise specified, 
all chemicals were purchased from Wako Pure 
Chemical Industries Ltd. (Osaka, Japan). 

Partial purification of glucan phosphorylase 
from T. aquaticus. Thermus aquaticus ATCC 
33923 was grown at 70°C for 18 h in a medium 
containing 0.4% (w/v) yeast extract, 0.8% (w/v) 
txyptone, 0.2% (w/v) NaCl and 1% (w/v) glucose, 
pH 7.0. The cells were harvested by centrifugation 
and washed with 50 mM Tris-HCl (pH 7.0) con- 
taining 5 mM EDTA and 1 mM 2-mercaptoethanol 
(buffer A). The cells were disrupted by sonication 
in buffer A at 4 < C, and centrifuged to remove cell 
debris. This crude extract was heated at 60°C for 
30 min and centrifuged. The supernatant was fil- 
tered through a 0.45 [im membrane and then 
loaded onto a Q-Sepharose fast flow column (26 X 
150 mm; Pharmacia Biotech Inc.) and washed with 
200 mM NaCl in buffer A, then eluted with buffer 
A containing 300 mM NaCl. Concentrated Tris 
buffer, ammonium sulfate, EDTA, and 2- 
mercaptocthanol were added to the collected solu- 
tion to give final concentrations of 50 mM Tris- 
HCl (pH 7.0), 500 mM ammonium sulfate, 5 mM 
EDTA and 1 mM 2-mercaptoethanol. The solution 
was loaded onto a phenyl-TOYOPEARL 650M 
column (16X 100 mm TOSOH, Tokyo, Japan) and 
washed with 100 mM ammonium sulfate in buffer 



A, then eluted by buffer A. Active fraction was 
loaded onto a Sourcel5Q column (10X100 mm; 
Pharmacia Biotech Inc.), and eluted with a linear 
gradient of 100-400 mM NaCl in buffer A. Active 
fraction were concentrated and applied to a 
Sephacryl S-300 column and eluted with 100 mM 
NaCl in buffer A. 

Determination of amino acid sequence of glu- 
can phosphorylase. To obtain a pure but inacti- 
vated polypeptide, partially purified enzyme was 
applied to reverse phase HPLC using a C4 column 
(250X4.6 mm; YMC Biochemicals, Japan) and 
eluted with a linear 0-60% (v/v) gradient of ace- 
tonitrile with 0.1% (v/v) trifluoroacetic acid, and 
the enzyme was collected, concentrated in vacuo 
and subjected to a peptide sequencer. Digestion of 
purified enzyme with trypsin and the purification 
of tryptic fragments were described previously . ,) 

Expression of glucan phosphorylase gene in 
Escherichia coli. An expression plasmid pKK 
388-GP was constructed, as follows. In order to 
produce new restriction sites in 5' and 3' non- 
translated regions, the glucan phosphorylase gene 
was amplified with two oligonucleotide primers, 
5'-AAATCGATAGGAAAACATATGAACGTCCT 
CGGACGGACGGATCAC-3' and 5' -TTCTAGA 
CGCCCCTAGGCCCAGCGCAC-3' , using the 
plasmid pTFGPOl as a template. The amplified 
fragment was digested with Clal and Xbal, then 
introduced into the Clal-Xbal sites of pKK388~l 
(Clontech) to produce pKK388-GP. E. coli MC 
1061 carrying pKK388-GP was grown in LB me- 
dium containing ampicillin (100,ug/mL). At the 
late log phase, IPTG (0.1 mM) and pyridoxine (0.1 
mM) were added and the cells were cultured for an 
additional 16 h at 37°C, then harvested by cen- 
trifugation. Further purification steps were the 
same as described above, but gel-filtration chroma- 
tography with Sephacryl S-300 column was omit- 
ted. 

Glucan phosphorylase activity assay. Enzyme 
activity was determined for synthesis (assay A) or 
phosphorolysis (assay B). 

Assay A. The production of inorganic phos- 
phate from glucan and glucose 1 -phosphate was 
measured by the method described by Saheki et 
al." with minor modification. A reaction mixture 
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(200 //L) containing 100 mM Tris-HCJ (pH 7.0), 
1% (w/v) soluble starch, and 45 mM glucose- 1- 
phosphate (Boehringer Mannheim, Germany) was 
incubated at 50°C for 30 min. The reaction was 
stopped by the addition of 10 fxL of 20% (w/v) 
sodium dodecyl sulfate solution. Then 800 [ih of 
molybdate reagent (15 mM ammonium molybdate, 
100 mM zinc acetate, pH 5.0) and 200/^L of 
ascorbic acid reagent (10% (w/v), pH 5.0) were 
added to the mixture. This mixture was incubated 
at 30°C for 15 min, and the absorbance was mea- 
sured at 850 nm. Enzyme mixed with sodium do- 
decyl sulfate was used as a blank. One unit was 
defined as the amount of enzyme that produced 1 
^umol of phosphate in 1 min. 

Assay B. Activity was assayed by determining 
the amount of glucose- 1 -phosphate produced from 
glucan and inorganic phosphate. The reaction mix- 
ture (60//L) containing 100 mM sodium phosphate 
buffer (pH 7.0), 1% (w/v) soluble starch and en- 
zyme was incubated at 70°C for 10 min. The reac- 
tion was terminated by diluting the mixture with 
740 fih of 50 mM Tris-HCl (pH 7.0) which had 
been kept on ice. The mixture was then incubated 
with 400 fxL of assay reagent containing 200 mM 
Tris-HCl (pH 7.5), 3 mM NAD', 15 mM MgCh, 3 
mM EDTA, 15/um glucose 1,6-bisphosphate, 6//g 
/mL phosphoglucomutase (from rabbit muscle; 
Boehringer Mannheim) and 6/ig/mL glucose-6- 
phosphate dehydorogenase (from Leuconostoc sp.; 
Boehringer Mannheim). The mixture was incu- 
bated at 30°C for 30 min, and the absobance at 
340 nm was measured, One unit was defined as 
the amount of enzyme that produced 1/^mol of 
glucose 1-phosphate in 1 min. 

Thin Layer Chromatography (TLC). TLC of 
oligosaccharides was carried out according to the 
method described by Takata et aL n with minor 
modification. Reaction mixtures (20 fiL) were 
loaded twice onto a 100 //L column of anion ex- 
change resin (Diaion S All AS Cl-form, Mitsubishi 
Kasei Co., Tokyo) to remove inorganic phosphate 
and glucose 1-phosphate. Three fiL of the eluent 
was spotted on a TLC plate (Silica gel 60; Merck, 
Darmstadt, Germany) and developed three times in 
acetonitorile/water (75: 25 v/v), and detected by 
heating at 130°C for 5 min after spraying 50% 



(v/v) sulfuric acid in methanol. 

RESULTS AND DISCUSSION 

Purification and determination of partial 
amino acid sequence of glucan phosphorylase 
from T. aquaticus. 

A cell extract of T. aquaticus was subjected to 
four chromatography steps as described in 
Materials and Methods. However, the sample 
after Sephacryl S-300 gel-filtration chromatogra- 
phy still produced two bands (major and minor 
bands as shown in Fig. 1A) when analyzed by 
SDS-PAGE. In order to identity the band for glu- 
can phosphorylase, the same sample was subjected 
to native-PAGE and the gel was stained for phos- 
phorylase activity. As shown in Fig. IB, a phos- 
phorylase activity was only found in the major 
band. The major band with an estimated molecular 
mass of 91 kDa, was further purified by reverse 
phase HPLC and subjected to peptide sequencing, 
and N-tenninal amino acid sequence (MNVLGR) 
was determined. To determine the internal amino 
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Fig. 1. SDS-PAGE (A) and native-PAGE (B) of glucan 
phosphorylase from T. aquaticus. 
(A) Lane 1 and 4, molecular mass markers; lane 2, sam- 
ple after Sephacryl S-300 chromatography; lane 3, sample 
after reverse phase HPLC with C4 column. (B) Lane 1, 
sample after Sephacryl S-300 chromatography stained with 
coomassie blue; lane 2, same as lane 1, but stained with io- 
dine solution after incubaung the gel in 20 mM glucose-1- 
phosphate with 0.05% (w/v) of soluble starch for 3 h at 70 
'C. 
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acid sequence of the enzyme, the purified enzyme 
was digested with trypsin and four tryptic frag- 
ments were purified by reverse phase HPLC, after 
which additional amino acid sequences (ELVAE- 
OYPFR, YLGGFW , HYAEVFGPEW and 
LALLHPVTGR) were obtained. 

Isolation of glucan phosphorylase gene of T. 

aquaticus and its expression in E. coll. 

Oligonucleotide primers corresponding to these 
five amino acid sequences were synthesized and 
used to amplify a DNA segment for phosphorylase 
from T. aqualicus genome. Each amplified DNA 
fragment obtained from such PCR experiment was 
sequenced and searched for its homology to the 
glucan phosphorylases genes in the database. A 
420 bp PCR fragment amplified with two primers, 
5 -TAYYTNGGNGGNTTYTGG-3' and 5'-CRAA 
NACYTCNGCRTART-3' , showed significant 
similarity to glucan phosphorylase, and thus was 
used as a DNA probe to screen the T. aquaticus 
genomic DNA library. 101 Five positive plaques 
were obtained but one clone having the longest 
DNA insert (3.9 kb, pTFGPOl) was selected for 
further analysis. The nucleotide sequence (DDBJ 
accession number: AB047267) reveals that the in- 
sert DNA (3891 bp) contained the open reading 
frame of 2460 bp (819 amino acids). The amino- 
terminal and internal amino acid sequences ob- 
tained from peptide sequencing of purified protein 
were all found in the deduced amino acid se- 
quence. 

Expression of this gene in E. coli was sought to 
confirm its identity. The plasmid vector pKK388-l 
containing a tac promoter was employed to direct 
expression of the complete open reading frame 



(see materials and methods). When E. coli MC 
1061 carrying expression plasmid pKK388-GP was 
grown with the inducer IPTG, thermostable glucan 
phosphorylase activity was detected in the soluble 
fraction of cell extract. This result clearly demon- 
strates that this open reading frame codes for glu- 
can phosphorylase. 

Purification and characterization of recombi- 
nant glucan phosphorylase. 
The glucan phosphorylase was purified to ho- 
mogeneity from the recombinant E. coli cell ex- 
tracts by the purification steps summarized in 
Table 1. The purified enzyme produced a clear 
single band on SDS-PAGE with an apparent mo- 
lecular mass of 91 kDa, which showed a good 
agreement with the enzyme prepared from T. 
aquaticus (data not shown). The purified enzyme 
was next employed to investigate the effect of pH 
and temperature on its activity and stability (Figs. 2 
and 3). The optimum temperature and pH for the 
glucan degradation reaction were 80-85°C, and 
8.0, respectively, which agreed well with the re- 
ported value for the enzyme from T. thermophilus. 
However, the optimum temperature and pH .for 
glucan synthetic reaction were 50°C andJ.O. le- 
spectively. This drastic shift in optimum tempera- 
ture and pH are important upon the exploitation of 
this enzyme for amylose and glucose 1-phosphate 
production. Similar results were also obtained in 
the glucan phosphorylase from Chlorella, 10 but not 
tested for the enzyme from T. thermophilus. The 
enzyme was stable after incubation at 60°C for 30 
min, and about 80% of enzyme activity was re- 
tained even after incubation at 80°C for 30 min. 
The enzyme was stable at pH 5.5 to 9.5 at 50°C 



Table 1. Purification of T. aquaticus glucan phosphorylase expressed in ft coli. 



Total Total Specific Activity 
Step activity* protein activity recovered 
(U) (mg) (U/mg) (%) 



Crude extract 


3121 


739 


4.22 


100 


Heat treatment (60°C, 30 nun) 


2030 


245 


8.29 


65.0 


Q-Sepharose 


1870 


168 


11.2 


59.9 


Phenyl TOYOPEARL 


1518 


117 


13.1 


48.6 


Source 15Q 


906 


75.9 


13.7 


29.0 



"Activity was determined in the glucan synthetic direction (assay A). 
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Fig. 2. Effect of pH on the activity (A) and stability (B) 
of T, aquaticus glucan phosphorylase. 
(A) The activity was assayed in 0.2 M buffer at 50°C, for 
30 min. (fl) Purified enzyme was incubated in 50 mM buff- 
ers at 50°C for 30 rain. After adjusting the pH to 7 by di- 
luting the enzyme with 0.2 M Tris-HCl buffer (pH 7.0), the 
remaining activity was assayed, in synthetic (open sym- 
bols) and phosphorolytic (closed symbols) directions at 50 
°C and 70t, respectively. Buffer system used are sodium 
acetate (□, B), sodium citrate (<>, ♦), Tris-HCI (O, •) 
and Glycin-HCl (a, a). The highest activity was desig- 
nated as 100%. 

for 30 min. All these results suggest that glucan 
phosphorylase from T. aquaticus and T. thermo- 
philus resemble each other in their properties. 

It has been reported that the smallest primer 
molecule for glucan synthetic reaction of glucan 
phosphorylase is maitotetraose, and the smallest 
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Temperature (°C) 
Fig. 3. Effect of temperature on the activity (A) and sta- 
bility (B) of 7". aquaticus glucan phosphorylase. 
(A) The activity was assayed in synthetic (O) and phos- 
phorolytic (©) directions at indicated temperature. (B) Pu- 
rified enzyme in 20 mM Tris-HCl buffer (pH 7.0) was in- 
cubated at indicated temperature for 30 min. After the mix- 
lure was cooled, the remaining activity was assayed in syn- 
thetic (O) and phosphorolytic (9) directions at 50°C and 
70°C, respectively. The highest activity was designated as 
100%. 

effective substrate for glucan degradation reaction 
was maltopentaose, and generally believed that this 
is the common feature of glucan phosphorylases. 
However, the enzymes from T. thermophilus were 
recently reported to have distinct substrate speci- 
ficity, where maltotriose is the smallest primer for 
glucan synthesis and maitotetraose is the smallest 
substrate for glucan degradation. 4 ' Subsequently, a 
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Fig. 4. TLC analyses of the degradation (A) and syn- 
thetic reaction (B) of T. aquaticus phosphorylase 
on various oligosaccharides. 
(A) A reaction mixture (20 /xh) consisting of 1% (w/v) 
oligosaccharide was incubated with ( + ) or without (-) 
enzyme (0.005 U) at 50°C for 3 h. After removing inor- 
ganic phosphate and glucose 1 -phosphate using anion ex- 
change resin, 3yuL of mixture was spotted on TLC plate. 
(B) A reaction mixture (20 fxh) consisting of 1% (w/v) 
oligosaccharide, and 10 mM glucose 1-phosphate was incu- 
bated with (+) or without (-) enzyme (0.005 U) at 50°C 
for 3 h. After removing inorganic phosphate and glucose 1- 
phosphate using anion exchange resin, 3 fit of mixture 
was spotted on TLC plate. M, maltooligosaccharide mak- 
ers; 01, G2, G3, G4, G5, G6 and G7 are glucose, maltose, 
maltotriose, maliotetraosc, maltopentaose, rnaltohcxaose 
and maltoheptaosc, respectively. 

similar property was also reported in the glucan 
phosphorylase from T. litoralis? Thus the sub- 
strate specificity of the purified enzyme was next 
investigated. In the presence of inorganic phos- 
phate, the enzyme can attack maltotetraose and 
larger, while maltose and maltotriose were not af- 
fected (Fig. 4A). In the presence of glucose 1- 
phosphate, maltotriose and larger were effective 
primers for glucan synthesis, but glucose and malt- 



ose were not used as primers (Fig. 4B). These re- 
sults indicate that the minimum primer molecule 
for synthetic reaction and minimum substrate for 
degradation reaction were maltotriose and mal- 
totetraose, respectively, which agree with those for 
the enzyme from T. thermophilus n and T. litora- 
lis, 2) but one unit smaller than the reported proper- 
ties for traditional glucan phosphorylases from 
various sources (e.g. E. colu potato or rabbit en- 
zymes). 

Comparison of primary structure of T. aquati- 
cus glucan phosphorylase with other glucan 
phosphorylases. 

Since the enzyme has distinct substrate specific- 
ity as described above, comparison of primary 
structure with other glucan phosphorylase is of 
great interest, especially to understand the structure 
function correlation. The deduced amino acid se- 
quence of T. aquaticus glucan phosphorylase was 
subjected to BLAST homology search (http:// 
www.ncbi.nlm.nih.gov/BLAST/). The eleven se- 
quences having from the highest to the eleventh 
highest BLAST score were listed in Fig, 5 (num- 
bers 2 to 12). This result suggests that the enzyme 
exhibits high similarity to 9 putative and character- 
ized glucan phosphorylases from thermophilic bac- 
teria {Deinococcus radiodurans, Thermowga mari- 
tima and Aquifex aeolicus), mesophilic bacteria 
(Streptomyces coelicolor, Mycobacterium tubercu- 
losis) and hyperthennophilic archaea (Thermococ- 
cus litoralis, Pyrococcus abyssi, Pyrococcus horiko- 
shii, Methanocaccus jannaschii) (Fig. 5, numbers 
2 to 10), but shows weak similarity to other glucan 
phosphorylases (Fig. 5, numbers 1 1 and 12). The 
enzyme also shows low BLAST score against well 
characterized glucan phosphorylases from Bacillus 
stearothermophilus, E. coli, potato and rabbit mus- 
cle (Fig. 5, numbers 13 and 18). The amino acid 
sequences of eighteen glucan phosphorylases de- 
scribed above were next aligned using the CLUS- 
TAL W (1.81) program (http://www2.ebi.ac.uk/ 
clustalw/), and the alignment scores (%) were 
summarized in Fig. 5. The result clearly indicates 
that T. aquaticus enzyme and 9 other glucan phos- 
phorylases (Fig. 5, numbers 2 to 10) form a new 
sub-group, since all these enzymes show higher 
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Fig. 5. Comparison of amino acid sequences of glucan phosphorylases from various sources. 

Amino acid sequences of 18 glucan phosphorylasts were aligned using (he CLUSTAL W (1.81) pro- 
gram (http://www2.ebi.ac.uk/cluslalw/), and the alignment scores (%) were shown. Database accession 
numbers for each enzyme are, Thermus aquaticus (AB047267), Deinococcus radioduruns (AE 
002052.1), Thermococcus litoralis (AFI15479.1), Streptomyces cuelicolor (AJ001205.2), Pyococcus 
abyssi (AJ248285.1), Pyrococcus horikoshii (AP000006.1), Mycobacterium tuberculosis (Z73902.1), 
Thermologa marillma (AJ001088.1), Aquifex aeolicus (AE000704.I), Methanococcus jannaschii (U 
67603.1), Pseudomonas aeruginosa (AE004641.1), Chlamydia pneumoniae (AE001615.1), Bacillus 
stearothermophilus (D87026.1), £ coli malP (X0679I.1), £ coli glgP (X16931.1). potato type-H (M 
69038.1), potato typc-L (D00520.1) and rabbit muscle (D00040.1). 



similarity to the enzyme within this group, but 
lower similarity to others. Unfortunately, most of 
the enzymes within this new group are putative 
glucan phosphorylases and their properties have 
not been studied. However, two characterized en- 
zymes (T. aquaticus, and T. litoralis) within this 
group, both have distinct substrate specificity as 
mentioned above. These results suggest the pres- 
ence of a new sub-group in glucan phosphorylases 
which can be distinguished from the primary struc- 
ture of the enzyme and by their substrate specific- 
ity. 

Tliis work was supported by a grant for the development 
of the next generation of bioreactor systems from the Soci- 
ety for Techno-Innovation of Agriculture, Forestry and 
Fisheries (STAFF). 
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In relation to the primary sequence and three-dimensional structure of rabbit muscle 
glycogen phosphorylase, we have carried out a comparative sequence analysis of 
phosphorylases from human, rat, Diclyostelium, yeast, potato and Escherichia coli. Based on 
sequence similarity, a large region of the protein "is shared by these enzymes, extending from 
alpha-helix-1 to the last alpha-helix-33. Conserved residues are equally distributed between 
the N and C- terminal domains and occur primarily in buried residues. Phylogenetie analysis 
indicates that the two isozymes within either E.coli. potato or Diclyostelium ate more 
closely related to each other than they are to other phosphorylases. Yeast phosphorylase is 
most closely related to the Diclyostelium isozymes. Mammalian muscle and brain isozymes 
are more closely related to each other than to the liver isozyme and the muscle isozyme is 
evolving at the slowest rate. All phosphorylases exhibit high conservation of active site and 
pyridoxal phosphate binding residues. Most phosphorylases also exhibit high conservation 
of sugar binding residues in the glycogen storage site. Phosphorylation and AMP binding 
site residues are poorly conserved in non-mammalian phosphorylases. In contrast, glucose- 
6-P binding residues are highly conserved in four of the seven non-mammalian enzymes. 
Analysis of interacting pairs of dimer contact residues indicates that they can be grouped 
into three relatively independent networks. One network contains phosphorylation and 
AMP binding residues and is poorly conserved in non-mammalian enzymes. A second 
network contains glucose-8-P binding residues and is highly conserved in cnaymes 
containing a conserved glucose-6-P binding site. A third, conserved network contains 
residues within the tower helix and gate loop. A model for the ovolution of allostery in 
phosphorylase is proposed, suggesting that glucose-6-P inhibition was an early control 
mechanism. The later creation of primarily distinct ligand binding sites for AMP/ 
phosphorylation control may have allowed the establishment of a separate dimer contact 
network for propagating conformational changes leading to activation rather than 
inhibition of enzyme activity. 

Keywords: glycogen phosphorylase; evolution; glucosc-6-P control; 
dimer contact networks; phylogenetie relationships 



1. Introduction 

Alpha-glucan phosphorylase (EO 2.4.1.1) cata- 
lyzes the breakdown of storage polysaccharides, 
such as glycogen, into glucose- 1-P and hence plays a 
central role in carbohydrate metabolism (for a 
recent review, see Ncwgard el al. 1989). The enzyme 
has been examined from a variety of organisms 
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including bacteria, yeast, slime mold, plants, 
insects, fish, amphibians and mammals. All phos- 
phorylases require the cofactor, pyridoxal phos- 
phate, for activity but differ In their affinity and 
specificity for polysaccharides, their modes of regu- 
lation and their physiological roles. 

Rabbit muscle glycogen phosphorylase is the 
most extensively studied member of this family 
(Acharya et al., 1991; Browner & Fletteriuk, 1992; 
Newgard tt al., 1989). The enzyme exists as a homo- 
dimer containing two identical subunits of 

10 
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molecular mass 97,500. It is a complex allosteric 
enzyme that is subject to both positive and negative 
control. Intracellular ligands. such as AMP and 
glycogen, activate the enzyme by promoting forma- 
tion of the active Rconformer, while glucose. 
glucose-6-P and purine nucleosides are thought to 
inhibit activity by stabilizing the inactive T 
confbrmer. Detailed X-ray crystallographic analysis 
of the three-dimensional structure of the enzyme 
(Acharya et at., 1091; Barford el al., 1991; Sprang et 
at., 1991; Johnson el at.. 1992) indicates that AMP, 
glycogen, glucose and purine nucleosides bind to 
distinct sites on the enzyme: the AMP 
activation site, glycogen storage site, active site and 
purine nucleoside inhibitor site, respectively. 
Glucose-6-P binds in a spatial volume that overlaps 
with that used by AMP (Sprang e.t at., 1988). 
However, most of the amino acid residues that 
interact with glucose-6-P are distinct from those 
that interact with AMP (Johnson et at.. 1992; Lorek 
el at., 1984; Sprang et al., 1987, 1988, 1991). 

Covalent phosphorylation at Serl4 also promotes 
enzyme activation and this, in turn, is under extra- 
cellular control by factors that regulate phosphoryl- 
ase kinase and phosphatase activity (Newgard et at., 
1989). hi the three-dimensional structure of the 
enzyme, Serl4-P is situated close to AMP and it is 
thought that phosphorylation and AMP activate 
the enzyme by a similar overall mechanism but with 
local structural differences (Barford & Johnson, 
1989; Barford et at., 1991; Johnson et at., 1992; 
Sprang e( at., 1987; 1991). 

Based on the three-dimensional structure and 
positions of regulatory and active site residues, the 
enzyme monomer can be divided into two domains, 
the N-terminal and C-lerminal domains (Browner & 
Fletterick, 1992; Newgard et at., 1989). The 
N-terminal domain extends from amino acid residue 
(aat) I to a,\482 and is referred to as the "regula- 
tory" domain since it, contains the majority of 
ligand binding residues. It also contains all but one 
of the residues that form contacts with residues in 
the other, diad-related subunit (dimer contact, 
residues). These residues are required for transmit- 
ting conformational changes across subunits upon 
ligand binding. Within the N-terminal domain, an 
''activation subdomain" exists, from aal to 120 
(Goldsmith et at., 19896; Sprang et al.. 1991), which 
has been shown to undergo complex tertiary and 
quaternary changes on ligand binding (Browner el 
al.. 1992a). The C-tenninal domain (aa483 to 842) is 
referred to as the "catalytic" domain since it 
contains the majority of active site and pryidoxal 
phosphate binding residues. The active site cleft is 
located between the N and C-terminal domains. 

Three phosphorylase isozymes exist in mammals, 
muscle (M). brain (B) and liver (L), which derive 
their names from the tissues where they pre- 
dominate (Newgard et al., 1989). All three isozymes 



t Abbreviations used: aa. amino acid residue; 
M. B and L isozymes, isozymes derived from muscle, 
brain and liver respectively. 



are structurally related but are encoded by distinct 
genes located on separate chromosomes in mouse 
(Glaser el al., 1989) and human (Newgard et al., 
1989). Interestingly, the three isozymes exhibit 
differences in their ability to be fully activated by 
either phosphorylation or AMP in accord with their 
different physiological roles. Comparative analysis 
of the amino acid sequences of these isozymes has 
led to the identification of potentially important, 
isozyme specific substitutions that may play a role 
in conferring their differential responses to allosteric 
control (Hudson et al., 1993; Rath et al., 1987). 
Analysis of engineered single and multiple site 
exchanges of theso substitutions between isozymes 
is now being performed (Browner ct al., 19926; Coats 
et al., 1991). 

In lower organisms, phosphorylases vary drama- 
tically in their ability to respond to allosteric 
control mechanisms. For example, bacterial and 
plant phosphorylases are active in the absence of 
phosphorylation and AMP (Newgard et al., 1989). 
The yeast enzyme requires phosphorylation for 
maximal activity, but is insensitive to activation by 
AMP (Rath, 1991; Rath et al., 1992). 
Phosphorylation occurs at a different residue (Thr) 
and likely by a different mechanism than that used 
for activation of the mammalian isozymes. 
Phosphorylase 1 from Dictyostelium discoidcum can 
be activated by either phosphorylation or AMP 
(Naranan et al., 1988: Rutherford & Cloutier, 1986). 
The phosphorylated residue in this enzyme has not 
been identified and it is unknown if the mechanism 
of phosphorylation is similar to that used by yeast 
or mammals. A second genetically distinct phos- 
phorylase in Dictyostelium, phosphorylase 2, does 
not require phosphorylation or AMP for activity 
(Rutherford et al., 1992). However, this enzyme 
may initially exist in an inactive form and it has 
been postulated that proteolytic cleavage of 
N-terminal residues may be necessary for activa- 
tion. With respect to the negative control of these 
enzymes. glucose-6-P has been shown to inhibit the 
activity of the yeast enzyme (Sagardia et al., 1971). 

Non-mammalian phosphorylases also exhibit 
wide differences in their polysaccharide affinities 
and specificttes (Newgard et al., 1989). For example, 
Escherichia coli contains both a true glycogen phos- 
phorylase and a maltodextrin phosphorylase that 
shows specificity for low molecular mass, 
imbranchcd alpha-1.4 polyglucoscs. Glycogen and 
maltodextrin phosphorylase in E. coli are encoded 
by distinct genes, gig P and mal P present in the 
glycogen and maltose regulons, respectively, and 
maltodextrin phosphorylase is inducible by maltose 
(Choi et al., 1989; Newgard et al.. 1989: Palm et at., 
1987; Yu el al., 1988). Two genetically distinct phos- 
phorylases also exist in potato tubers and spinach 
leave's (Mori el al.. 1991 ; Nakano el al, 1989). One of 
these, type H, is present in the cytosol and has high 
affinity for a variety of glueans including glycogen. 
The other phosphorylase, type L, which is localized 
in plastids, has very low affinity for glycogen but 
high affinity for amyloso, amylopectin and malto- 



702 



Phosphorylast Evolution 



dextrin (Fukui et at.. 1982; Shimomura & Fukui. 
1980; Shimomura el al, 1982). 

As these enzymes exhibit dramatic differences in 
their responses to ailosteric control mechanisms and 
in their polysaccharide specificities, phosphorylase 
is an attractive emsyrae for the study of the evolu- 
tion of enzyme allostery arid substrate specificity. 
Since the three-dimensional structure of the 
rabbit M isozyme has been solved to high resolution, 
amino acid sequence comparisons of these enzymes 
can be made in relation to the primary sequence and 
three-dimensional structure and function of the 
rabbit M isozyme. Complete amino acid sequences 
have been determined for 14 phosphorylases. These 
include the M isozyme from rabbit (Nakano et al, 
1986). rat (Hudson et- al, 1993) and human (Burke et 
al 1987), the B isozyme from rat {Hudson et al., 
1993) and human (Gelinas el al., 1989; Newgard cl 
al 1988), the L isoz.vme from rat (Scheibel et al., 
1992) and human (Newgard et al., 198(5), 
phosphorylase 1 (Rogers it al.,- 1992) and phos- 
phorylase 2 (Rutherford et al, 1992) from 
Dictyoslelium, yeast phosphoryinse (Hwang & 
Fletterick, 1986; Rath cl aL, 1992), typeH (Mon et 
al., 1991) and type L (Nakano et al., 1989) phos- 
phorylases from potato and E. coli glycogen (Choi et 
al, 1989; Yu et al, 1988) and maltodextrin (Palm et 
al, 1985', 1987) phosphorylase. 

In the past, comparative sequence analyses 
carried out by ourselves and others have been 
limited to the studv of subsets of these sequences 
(Crerar et- al, 1988; Choi et al, 1989; Hwang & 
Fletterick, 1986; Mori et al, 1991; Nakano & Fukm, 
1986- Newgard et al. 1989; Palm et al, 198S; Rogers 
et al, 1992; Rutherford et al, 1992; Yu et al, 1988). 
To obtain a more complete evolutionary analysis of 
phosphorylase, we present in this report, a compari- 
son of the amino acid sequences of all of these 



sequence were communicated to us by P. K. Hwang ami 
R.J. fletterick. These occur at aa207. na4S«, aa472 and 
aa805. 

(b) Alignment of phosphorylase sequences 
Phosphorylase sequences were initially aligned using 
the programme CLUSTALV (Higgins & Sharp. 1989). 
A number of different combinations of gap penalties and 
different sets of sequences were used to obtain an align- 
ment. Additionally, some, regions were aligned by eye to 
maximize sequence similarity and to minimize the 
number of small deletions/insertions. 

(c) Phylogenetie relationships of phosphonjlases 
The phylogenetie relationships of these phosphorylases 
were determined using the neighbor joining method of 
Saitou & Nci (1987). Trees were bootstrapped 1000 times 
by sampling sites at random with replacement. These 
samples were used to generate new sequences or distance 
matrices in order la reconstruct new phytogenies. 
A consensus tree was obtained from the bootstrapped 
samples. For the purpose of illustration, the trees were 
arbitrarily rooted at the longest branch and trees wero 
drawn using the computer program. Canvas version 3,0. 
In addition to the neighbor joining method, phytogenies 
were also reconstructed using the protein parsimony 
method (Fclsenstein. 1990). Phylogenetie trees with 
similar topologies were obtained with both methods. 
Strict consensus sequences for the overall and mammalian 
ancestral enzymes were determined using the program. 
Phylipp version 3.3 (Ffilscnstcin, 1990). 

(d) Hates of change 
Rates of change of residues throughout phosphorylase 
were determined using a program designed by 0. B. 
Golding (personnal communication). 



enzymes - . , 

the three-dimensional structure and function of the 
rabbit M isozyme (Barford et al, 1991; Goldsmith el 
al, 1989a; Johnson et al, 1990, 1992; Sprang et al, 
1991). 

2. Materials and Methods 

(a) Phosphorylase sequences 
The complete amino acid sequences of 14 phoaphoryl- 
iises were used for comparative sequence analysis. These 
were obtained from the following published sources: 
rabbit M isozyme (Nakano el al. IG86). human M isozyme 
{Burke et al., 1987), rat M isozyme (Hudson tt al. 1993), 
human B isozyme (Newgard el al, 1988 Ce'inas tt al., 
1989), ratB isozyme (Hudson cl al. 1993), hum an 1. 
isozyme (Newgard et al. 1986), rati, isozyme (Scheibel et 
al, 1992), phosphorylase 1 from Dicltjosehum (Rogers 
e/ al. 1992). phosphoprylase 2 from Didyostehum 
{Rutherford el al., 1092). yeast phosphorylase (Hwang <t 
Fletterick. 108(5: Rath et al., 1902). type II phosphorylase 
from potato (Mori Hal, 1991). type L phosphorylase from 
potato (Nakano tt al. 1089), K. coli glycogen phosphoryl- 
ase (Choi ct al, 1989; Yu cl at.. 1983) and B. coli maltodex- 
trin phosphorylase (Palm et al., 1985. 1987). For ' yeast 
phosphorylase. minor corrections of the published 



i relation to recent findings concerning 



(a) Conservation of the overall structure 
of phosphorylase 

An alignment of the complete amino acid 
sequences of all 14 phosphorylases is presented in 
Figure 1. The numbering of amino acid residues 
corresponds to that used for the rabbit M isozyme. 
Insertions and deletions were placed in the 
sequences to maximize similarity between al) 14 
enzymes. As noted previously (Mori et al. 1991; 
Nakano et al, 1989; Newgard et al, 1989; Rogers el 
al, 1992; Rutherford et al, 1992), there is consider- 
able variation in the lengths of these enzymes at 
their N and C-termini. However, in relation to the 
primary sequence and three-dimensional structure 
of the rabbit M isozyme, sequence conservation 
appears to begin close to the N terminus, at helix- 1 
(aa23 to 40) and extends to at least the end of the 
last alpha-helix, helix-33, <aa813 to 825). 

The degree of conservation of the overall struc- 
ture of the enzyme was determined in relation to 
aal7 to 829 of the rabbit M isozyme (see Table 1). 
This corresponds to the relative positions in the 
alignment of the N and C-termini of the shortest 
phosphorylaso, E. coli maltodextrin phosphorylase. 
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HAQyTPHFSPFKFEPLQAYYAATADSVRDRLIKQCNDTYLHYDKVHPKQTyYLSMEyLQG 
HAEFTPVFSPERFELPK-AFFATAQSVRDSIiLINWNATYDIYEKLNHXQAYYLSHEFLQG 
KLMFTIGKDPVVANKHE-WLNATLFAVRORLVERHLRSHRAQLSQETRQVYYLSHEFLIQ 

QWQRYGLNSAAEHTPRQWWL AV5EALAEMLRAQPFAKPVANQRHVNYISMEFLIG 

x ^ e i ee ieiei i 

f ff ffff ffff 

HLHFTLVKDRNVATPRD— YYFALAHTVRDHLVGRWIRTQQHYYEKDPKRvYYLSLEFYMG 
L FT K P VATPRQ- A VRDRLV RW R VYYLS EFL G 

Fig. !. 
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h^onSlSa- — CDEATYQLGLDMEELEEIEEDAGLGNGGLGRL 

SSSb CDEATYQLGLDLEELEEIEEDAGLGNGGLGRL 

b TfnMTKVN LGLON A CDEAIYQLGLDLESLEE1EEDAGLGNGGLGRL 
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S^E?mSlOWV CDEAIYQLGLDIEELEEIEEDAGLGNGGLGRL 
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AACPLDSHATLGLAAYGYGIRYEFGIFMQKICGGHOMEEADDWLRYGNPWEKARPEFrLP 

^CFLDsSGL^YGYGIRYiFGI^ 
AACFLDsSGLAtYGYGIRYEFG^ 

^SSlgLmygygiweygiS 

W^CF^SL^TLKY^WGYGLRYNY^ 

AACFMDSLATCKFPGi'GYGLRYKFGKFYQTLWGEQVELPDLTO^GSPMEIERLDVSYP 
^CFWS^MGIPAWGYGLRYEXGIFAQKIIDGYQVETPDYWLNSGOTWEIER^E^IP 
ASCFLDSMATLHLPAWGYGLRYRYGLFK^ 

ascfldsSypS 

nacftdslatr«lpgpgygikydygkfkqnivngsqkespdywlesgnpwefkr«hxryk 
mgfldsSgqsa?gyo£nyqyglfr^ 

ieiieiieii ee iii| i eiel i e U»i ^ 
AACFLOslkTLGLAAYGYGXRYEYGIFNQKIWGHQVEEADDWLRYG^ 
AACFLDSHATLGLPA. GYG RY YG FKQ IVT5G QVE PDDWL GNPWE R Y 
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210 220 230 240 250 

VHFySSa XW TO TQV^AMPYDTPVPGY^ I A^TMR L WSAKAPK-DF 

VMFYGRVEHTPNGV LWLDTQWLAMPYDTPVPGYKNNTVNTMRLWSAKAPN-DF 

WFYGRVEHTPDGV KWLDTQVVLAMPYDTPVPGYKNNXVNTMRLWSARAPN--DF 

VHFYGRVEHTQAGT KWVDTQWLALPYDTPVPGYMNNTVNTMRLWSARAPN-DF 

^vvrxOTHTNTGT KWIDT QWLALPYDTPEPGYMNNTVHTMRLWSARAPN-DF 

infygwsevedengkkvm-ktoqgeqmlaiaydyfipgfktyn™ 
vtfygyvdrpeggkttlsasqwiggervi^vaydfpvpgfktsnvnnlrlwqar-pttef 

IRFFGHVEVLPSGS R^WGGEVLQAI^YDVPIPGYRTKNTNSLRLWEAKASSEDF 

^KFYGKVSTGSDGK RYWIGGEDIKAVAYDVPIPGYKTRTTISLPXWSTQVPSADF 

VVFGGRIQQEGKKT RWIETEEILGVAYDQIIPGYDTDATNTLRLWSAQASS-EI 

VGIGGKVTKDG RWEPEFTITGQAWDLPWGYRNGVAQPLRLWQATHAH-PF 

eeie i eeei^ie^ eiei e e 

VHFYG VTSHT DGT KW DTQV^lI ^DTPVPGYKNNTWTMRLWSAKAPN-DF 

V F G V T WI TE L VAYD PVPGY TOTLRLWSA A S- F 

Fig. I. 
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260 270 280 290 300 310 

NLKDFNVGGYIQAVLORNLAENISRVlYPNDNFFEGKELRLKQEYPWAATtQDirRRFK 
NLKDFNVGGyiQAVLORtaAEUISRVLvpNDHFFEGKELRLKQEyFWAATLQDIIRRFK 
HLKDFNVGGYrQAVLDRNLAEHISRVLyPNDNFFEGKEr.RLKQES:PVVAATI-QDIIRRFK 
KLKDFNVGDirrEAVLDRNLAENISRVI,vpNDNFFEGKELRLKQEYFWAATLQOIIRRFK 
KLQDFfrVGDYIEAVLDRNLAENISRVLyPHDNFFEGKELRI/KQEyFVVGATLQDIIRRFK 
NLODFNVGDyiQAVLDRNLAENISRVt-yPNDNFFEGKELRLKQByFVVAATLCDVIRRFK 
NLRDFNVGDY IQAVLDRNLAENI SRVLYPNDNFFEGKELRLKQEYF VVAATLQD I IRRFK 
DLDAFHGGNyLSAVEAKQRSENITSVLTfPNDNTYSGKELRLKQQyFFVAATIiCDVIRRFK 
NLDSFWRGDyLGAIEEXEKSEHITNVLyPNbNTMQGKELRLKQQyLFVSATIQDIISQFK 
DFAXFNNGDyKNSWC^RAESITAVLyPNDHFAC^KELRtKQQyFWCAASLHDILRRFK 
NLFLFNDGQYDAAAQLHSRAQQICAVLYPGDATENGKLLRLKQQFFLCSASLQDIIARFX 
DLSAFNAGEHTKACEAQANAEKICyiLyPGDESEEGKILRLKCj9yTI,CSASI.QDIISRFE 
NLGKFNQGDyFAAVEDKNHSENVSRVLyPDDSTySGRELRLRQEYFLVSSrrQDILSR— 
DI-TKFNDGDFLRAECQGINAEkLTkVLyPNDNHTAGKiaRLKQQyFQCACSVADILRR-- 

e 1 e ee e e m i i e iii i ee e ee iee Q 

5 f f f f M ff 

NL DFNVGOyiQAVLDRNLAENISRVI.yPNDHFFEGKELRLKQEyFWAATLQDXIRRFK 
L FNDGDYLAAVED N AEN RVLYPNDNTY GKELRL Q YFL A QDI RR 
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320 330 340 350 360 370 

SSKFGCRDPVRTNFDAFPDKVAIQLNDTHPSIaAIPELMRVLTOLERLDWDKAWEVTVKTC 
SSKFGCRDPVRTNFDAFPDKVAIQLNDTHPSLAIPELIRILTOLERLDWDKAVTOVTVKTC 
SSKFGCRtlPvRTNFDAFPDKVAIQLNDTHPSLAIPELMRILVDLERMDWDKAWDVTVRTC 
SSKFGCRDPVnTCFETFPDKVAlQLNbTHPALSlPELMRILVDVEKVDWDKAWEITKKTC 
SSKFGCRDPVRtCFETFPDKVAlQLNDTHPAXSlPELMRILVDVEKVDVfDKAWEITKKTC 
ASKFGSKDGVGXVFDAFPDQVAIQLHDTHPALA1PELMRIFVDIEKLPWSKAWEITKKTF 
ASKFGSTRGQGTVFDAFPDQVAIQLNDTHPRlAlPELMRIFVDIEkLPWSKAWELKQKTF 

KS HQNWQDFPNKVAIQLNDTHPTIGWELFRKLIDEEGLQWEEAWDIVTXTF 

ET : GKPFSEFTFH-AIQLHDTHPTLGIPELMRILIDEEKXSWDEAWDITTKTF 

KSK— RPHXEFPDQVAIQLNDTHPTLAIVELQRVLVDLEKLDTOEAWDIVTKTF' 

ERE DGKGSHQWSEFPKKVAIQLHDTHPTLTIPELMRLLMDDEGLGWDESWNITTRTX 

rr S -GDRIKWEEFPEKVAVQHNDTHPTLCIPELMRILIDLKGLNWNEAWNITQRTV 

HYQLHKTYDNLADXIAIHLNDTHPVLSIPEKMRLLIDEKQFSWDDAFEVCCQVF 

-HHLAGRELHELADYEVIQLNDTHPTIAIPELLRVLIDEHQMSWDDAWAITSKTF 

e eeeiiiii e e ie i eei t e e e 

f ff f f ff f ff f f f 

SKFG DGVGT FDAFPDKVAIQLNDTHPALAIPELMRILVDLEKLDWDKAWEITKKTF 
G DE DK AIQLNDTHPTLAIPELMR LID WD AWEIT KTF 
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380 390 400 410 420 

AYTNHTVLPEALERWPVHLLETLLPRHLQ II YE INQRFLNRVAAAFPC 

AYTHHTVLPEALERWPVHLMETLLPRHLQIIYEINQRFLNRVAAAFPG 

AYTNHTVLPEALERWFVHLLETLLPRHLQIIYEINQRFLNRVAAAFPG 

AYTNHTVLPEALERWPVSMFEKLLPRHLE I IYAINQRHLDHVAALFPG 

AYTNHTVLPEALERWPVSMFEKLLPRHLEIIYAINQRHLDHVAALFPG 

AYTNHTVLPEALERWPVDLVEKLLPRHLQIIYEINQKHLDRIVALFPK 

AYTNHTVLPEALERWPVDLVEKLLPRHLEIIYEINQKHLDRIVALFPK 

AYTNHTILPEALEHWPVS L IEDLLPRHMQLI YGI NHRFLIQVTCjKWPG 

SYTNHTVLPEALEKWSVSHVENVLPRHIMIIYEINERFLKLVDQKWPG 

AYTNHTVMQEALEKWPRRLFCHLLPRHLE I I YD INWFFLQD VAKXFPK 

AYTNHTVLPEALEKWSQAVMWKLLPRHMEIIEEIDKRFVATIMSERPD 

AYTNHTVLPEALEKWSYELMQKLLPRHVEIIEAIDEELVHEIVLKYGSHDLNKLEEXLTT 

SYTNHTLMSEALETWPVDMLGKILPRHLQIIFBINDYFLKTLQEQYPN 

AYTNHTLMPEALERWDVKLVKGLLPRHMQIINEINTRFKTLVEKTWPG 

eiiiiiee iiii i e eiiiie ei ie e 

ff ff f f f f f 

AYTNHTVLPEALERWPVSLVEXLLPRHL IIYEINQR LDRV ALFPG 

AYTNHT PEALERWPV LV KLLPRH II EIM RFLK V K PG 

Fig. 1. 
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R , bM DVDRLRRHSLVEE-GAVKRINKAHLCIAGSHAVNGVARIHSEILKXTIFKDFYEL 

HatM DVDPXRRMSLVEE-GAVXRINMAHLCIAGSHAVNGVARIHSEILKKTIFKDFYEL 

DVDRLRRMSLVEE-GAVKRINHAiiLCIAGSHAVNGVARIHSEILKKTIFKDFyEL 

S"?2 DVDRLRRMSVIEE-GDCKRINHAHLCVIGSHAVNGVARIHSEIVKQSVFKDFYEL 

H^B DVDRLRRMSVIEE-GDCXRINHAHLCVIGSHAVWGVARIHSEIVKQSVFKDFYEL 

llll -D^RMRRMSLIEE-EGGXRIN^HLCIVGCHATOGVAKIHSOIVKT^ 

HumL DTOPLRRMSLIEE-EGSKRINMAHLCIVGSHAVNGVAKIHSDIVKTKVFKDFSEL 
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?eaat D^U^ISIIEEUSPERQIRKAFLAIVGSHKVNGVW 

p^f„ LE NKMPSMRILDHHATKPVVHMANLCWSSHTVNGVAQLHSniI,XAELFAOyVSV 

°? ^kBi^pvspepavxppkkvrmanl^ 

_ DEKVWAXLAWHD k^jVHHMJLCVVMFAVMW^^t^tFPEVHQL 

conservation ® i f | f | a f e ® f f £ 

Haminc D DRLRRMSLIEE- GKRINKAHLCIVGSHAVNGVA IHSEIVK VFXDFYEL 

S° D D L R SIIDE-S GKR RMAKLC VGSHAVNGVAELHS V F DF L 
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i ei e ieieii ie ei ie e e e 
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W-P KF N TNGITPRRW KQCNP LAAL v ' 



Plu>spkoTylane. Evolution 



707 



Secondary 
Binding 

RabM 
RatM 
HumM 
RatB 

RatL 

DictI 
Dictll 
Yeast 
PotH 
PotL 
EcglgP 
EcmalP 
Conservation 



Secondary 
Binding 



! gg 



540 550 560 570 

IRDVAKVKQENKLKFAAYLEREYKV HI NPNSLFDVQVXRIH EYKRQLLNCLHV I 

IRDVAXVKQEN'KLKFSAYLETEYXV H I NPNSLFD VQVKR IHEYKRQLLNCLH 1 1 

IRDVAKVKQENXLKFAAYLEREYKV H I NPNS LFD I QVKRI HE YKHQLLNCLHV I 

IRDVAKVXQENKLKFSAQLEKEYKV KINPASMFDVHVKRIHEYKRQLLNCLHII 

IRDVAXVKQENKLKFSAFLEKEYXV XINPSSMFDVHVXRIHEYXRQLLNCLHW 

LREIAKVKQENKLKFSQFLEKEYKV KINPSSMFDTOVXRIHEYKRQLLNCLHVI 

LRELAKVXQENKLKFSQFLETEYKV XINPSSMFDVOVXRIHEYKRQLLNCLHVI 

IAEWKYVXQCNKQRLAEFILKHCGI HVNPNALFDTOIKRIHEYKRQLtHILSVI 

QKEWMTINRNNKIRLAKYIEKRCDI QVNVDVLFDVQVXRFHEYKRQLLNVLSVI 

LKKWNQVKLNNKIRLVtlLIKKENDi5VDIINREYLDDTI>FDMQVKRIHEYKRC2QLNVFGII 

HAEWESAJOlANKQRLAQYILHVTGV SIDPNSLFDIQVKRIHEYKRQLLNILGVI 

QNEWREAKRSNKIKWSFLKEKTGY SWPDAMFDIQVKRIHEYKRQLLNIFGIV 

NHAVTtQAJWVENKKRLAEYIAQQLNV WNPKALFOVQIXRIHEYKRQI,KNVLHVI 

RDLYRVIKQANKVRLAEFVXVRTGI DINPQAIFDIOIKRLHEYKRQHLNLLHIL 

e ii e e eiieeeiieiiiiii ei e ee 

f ff f f f f f f f£ f£ 

REVAXVKQENKLKFSQFLEXEYKV XINPSS FDVQVKRIHEYKRQLLNCLHVI 

VRQ KQ NK RLA FIK TGV — : NP ALFDVQ KRIHEYKRQLLNVLHVI 
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TLYNRIKK ---EPNKFVVPRTWIGGKAAPGYHMAKMIIKLITAIGDWNHDPV 

TLYNRtKR EPNRFMVPRTlMIGGKAAPGYHMAKMIIKLITAIGDWNHDPA 

TLYNRIKK EPNKFFVPRTVMIGGKAAPGYHMAKMIIRLVTAIGDVVrJHDPA 

TLYNRIKK DPTKTFVPRTVHIGGKAAPGYHiiAKMIIKLVTSIGDWNHDPV 

TLYNRIKK DPAKAFVPRTVMIGGKAAPGYHMAKLI IKLVTSIGOVVWHDPV 

THYNRIKK OPKKFFVPRTVIIGGKAAPGYHMAKMIIKLVXSVAEWNNDPM 

TMYHRIKK DPKKLFVPRTVIIGGKAAPGYHHAKMIIKLXTSVADVVNNDPM 

YRYLSIKKM SPKDRAQV— VPRWIFAGKAAPGYVHAKRHIKLINSVAEVIKRDXE 

NRYLDIK EGKKV-APRWIFGGKAAPGYYMAXLIIKLINSVADVVNNDPK 

YRYLAMKKMLKNGASIEEVAKKYPRKVSIFGGKSAPGYYMAKLIIKLINCVADIVNNDES 

YRYKKLKGM SPEERXNT-TPRTVMIAGKAFATYTNAKRiVKXVTDVGOWWSDPD 

YRYKKMKEM TAAEP^TNFVPRVCIFGGKAFATYVQAXRlOTFIJDYGATINHDPE < 

TRYNRIKA DPDAKWVPRVNIFGGKAASAYYMAKHlM^raDVAKVINNDPQ 

ALYKEIR ENPQADRVPRVFLFCAKAAPGYYLAXNIIFAINKVADVINNDPL 

i ee e e eeeeie e i ii e e ee ei 1. 

ff £ ffff f f fff ff f 

T YNRIKK DP KFFVPRTVI IGGKAAPG YHMAKMI IXLI TS VAD WNNDP 

T Y RIK DP K VPRV I FGGKAAPG YYMAK II LI VADV NNDP 
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640 650 660 670 6B0 690 

VGDRLRVIFLENYRVSLAEXVIPAADLSEQISTAGTEASGTGNMXFMLNGALTIGTMDGA 
VGDRFRVIFLENYRVSLAEKVIPAADLSEQISTAGTEASCTGNMXFMLNGALTIGTMDGA 
VGDRLRVIFLENYRVSLAEKVIPAADLSEQISTAGTEASCTGNHKFMLNGALTIGTMDGA 
VGDRLRVIFLENYRVSLAEKVIPAADLSQQISTAGTEASGTGNMXFMLNGALTIGTMDGA 
VGDRLKVIFLENYRVSLAEKVIPAADLSQQISTAGTEASGTGNMKFMLNGALTIGTMDGA 
VGSKLKVIFLENYRVSLAEKVIPATDLSEQVSTAGTEASGTGNMKFMLNGALTIGTMDGA 
VGSKLKVIFLENYRVSLAEKVIPATDLSEQISTAGTEASGTGNMKFMLNGALTIGTMDGA 
VDQYLKWFIANYNVSIAQVIVPASDINQQISTAGTEASGTSNHKFTMNGSLIIGTLDGA 
VGDLLKWFIPNYCVSNAEIIIPASDISQHISTAGTEASGTSNMXFSMNGGLIIGTLDGA 
IEHLLKWFVADYNVSKAEIIIPASDLSEHISTAGTEASGTSNMKFVMNGGLIIGTVDGA 
VNDYLKWFVPNYNVSVAEMLIPGSELSQHISTAGMEASGTSNMKFALNGCLIIGTLDGA 
IGDLLKWFVPDYNVSVAELLIPASDLSEHISTAGMEASGTSNMKFAMNGCIQIGTLDGA 
IGDKLKWFIPNYSVSLAQLIIPAADLSEQISLAGTEASGTSNMXFALNGALTIGTLDGA 
VGDKLKWFLPDYCVSAAEKLIPAADISEQISTAGKEASGTGNMKLALHGALTVGTLDGA 
e eeieie ei ii ie eeieeeeeeeei ii iiiiieiiie eii e eiieiii 
f ff f f ff f fff f f f f f f 

VGDKLKVIFLENYRVSLAEKVIPAADLSEQISTAGTEASGTGNMKFMLNGALTIGTMDGA 
VGDKLKWFLPNY VSLAE I PAADLSEQI STAGTEASGT NMKFALNG ALT IGTLDGA 
Fig. I. . 
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NVEMAEEAGEENFFIFCMRVEDVDRLDQRGYNAQEYYDRIPELRQIIEQLSSGFFSPKQP 
NVEHAEEAGEDNFFIFGMRVEDVERLDQRGYNAQEYYDRIPELRQIIEQLSSGFFSPKQP 
NVEMASEAGEENFFIFGMRTCDVDKLDQRGYNAQEYYDRIPELRQVIEQLSSGFFSPXQP 
NVEMAEEAGEENLFIFGMRVEDVEALDQKGYNAQEFYERLPELRQAVDQISSGFFSPKDP 
NVEHABEAGAENLFIFGLRVEDVEALDRXGYNAREYYDHLPELKQAVDQISSGFFSPKEP 
NVEMAEEAGEENLFIFGMRVDDVAALDXKGYEAKEYYEALPELKL'vTDQ.IDNGFFSPNQP 
NVEMAEEAGEENLFIFGMSIDDVAALDKKGYEAKEYYEALPELXLVIDQIDNGFFSPKQP 

NVEIAEEVGQENMFIFGLRTSEVEAAREKMTNXE VNIDPRLQEVFLNIELGTFGPP 

NIEIRDAIGHENHYIFGARSEEVNKVKXIIHDGK FTPDTRWARVLTAIKEDTFGPH 

NVEITREIGEDNVFLFGNLSENVEELRYNHQYHPC: — DLPSSLDSVLSYIESGQFSPENP 
NVEIREEIGEDNFFLFGATADEVPQLRKDRENGLFKPDPRFEEAXQFIR-SGAFGTYDYN 
NVEIREEVGEENFFLFGAQAHEIAGLRKERADGKFVPDERFEEVKEFVR-SGAFGSYNYD 
NVEMLDHVGADNIFIFGNTAEEVEELRRCGYKPREYYEKDEELHQVLTQIGSGVFSPEDP 
NVEIASKVGEENIFIFGHTVKQVKAILAKGYDPVXWRKKDKVLDAVLKELESGXYSDGDK 
ieie i ei eeii ee e 

f f ffff ff 
NVEKAEEAGEENLFIFGMRVEDVEALDKXGYNAKEYYD LPELRLVIDQISSGFFSPKQP 
NVE AE GEEN FIFG EEVEALR KGY EYY EL VL QI SG FSP P 
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760 770 780 790 800 810 

DLFKDIVNML — MHHDRFKVFADYEEYVXCQERVSALYXNPR-EWTRMVIRNIATSGXFS 
DLFKDIVNMV — MHHDRFKVFAD YEEYIKCQDKVSELYKNPR-EWTRMVIRHIATSGXFS 
DLFKDIVNML — MHHDRFKVFADYEDYIKCQEKVSALYXNPR-EWTRMVIRNIATSGXFS 
DCFXDWNML— MYHDRFXVFADYEAYIQCQAQVDHLYRNPK-DWTKKVIRNIACSGKFS 
DCFKDIVNML — MHHDRFXVFADYEAYMQCQAQVDQLYRNPX-EWTXXVIRNIACSGKF5 
DLFKOIINML— FYHDRFKVFADYEAYVKCQEKVSQLYMMQK-AWNTMVLRNIAASGKFS 
DLFKDIINML— FYHDRFXVFADYEAYVKCQDKVSQLYMNPK-AWNTMVLKNIAASGKFS 
DVFRPILDSL--IFSDFYLSIQDFPLYLDSQASVDELWKDQS-AWVKKSIINSASTYFFS 
EQFQDIINSV-SGGNDHYILSYDFGSYLDIQNSIDQDFKDRA-KWAKKSIMASVCCGKFS 
NEFKPLVDSIKYHGDY YLVSDDFES YYLATHELVDQEFHNQRSEWLKKSVLSVANVGFFS 
PLLESLEGNSGYGRGDYFLVGHDFPSYMDAQARVDEAYXDRK-RWIXMSILSTSGSGKFS 
DLIGSLEGNEGFGRADYFLVGKDFPSYIECQEKVDEAYRDQK-RWTTMSILNTAGSYXFS 
GRYRDLVDSL-INFGDHYQVLADYRSYVDCQDKVDELYELQE-EWTAKAMLNIANMGYFS 
HAFDQMLHSIGKQGGDPYLVMADFAAYVEAQKQVDVLYRDQE-AWTRAAILNTARCGMFS 
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SDRTIREYAKDIWNMEPSDLKISLSKESSNGVNANGK 

SDRTIKEYAO.NIWNVEPSDLKISLSNES-NKVNGN 

SDRAMNEYAEQIWDIKPCEVETTLNRRY 

SDRTIKEYAQQIWGIEEWKRPGPVPVSNEEARSI.LVPPPSGSPNDINAISIERLSPLTFV 
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SDRTIHEYAXDIWNIEAVEIA 

SDRTIKEYADHIWHIDPVRL 

SDRSIRDYQARIWQAKR 
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Secondary 
Buried 

Binding 

RabM 

RatM 

HumM 

RatB ZZZZiZ 

RatL 

HumL 

DICTI < 

DICTII KQTSASPLSVISGGDKTNNTLKPKQTTKGFNIGGQPGNPTN 

Yeast 

PotH 

PotL ■ 

EcglgP - ; 

EcmalP : 

Conservation 

HamAnc ■ — " ' 

Figure 1. Alignment of the complete amino acid sequences of 14 phosphorylnses. Sequences mo from rabbit, rht and 
human muscle isozymes. RabM, RatM and HumM, respectively; rat and human brain Isozymes. RatB and HumB. 
respectively rat and human liver isozymes, RatL and Hum!,, respectively: phosphorylases 1 and i Iroro D ct ;i 
t i t , rvla.se. Yeast, potat r n md PotL. resp 

and "lveo«en and maltodc.Urin phoaphorylases from R. coli. KcglgP and EcmalP. respectively. The secondary structure 
of the 'rabbit M U„r.ym« i*f.hown in the row labelwl Secondary" and was determined from the crystal stmvture of the 
phosphorvlatcd enzyme complexed with glucose (Sprang et «... 1988; 8. R. .Sprang, E. J. Goldsmith and R.J I' lettenek. 
unpublished mtiiitsj bv a computer p.vnjrarnme that determines main-chain angles (K. Pauman. unpublished ies<:.t»). 
The symbol* @, . and ". represent alpha-helix, turn and beta-strand, respectively. Phe p< sittons of boned residues. . 
were obtained from Newgard r< nl. (1989) and are shown in the row labeled buried. Residues that form close contacts to 
residues in the other subunit (dimer contact residues), d, aie indicated in the row labeled Dimer. Amino acid residues 
| le-chains participa in hgand binding are indicated in the row labelled Binding and are marked, p, SeiTI 

phosphc.rvlntion site; h, glucose-C-P binding site; a. AMP binding site: v, pyridoxal phosphate colactor binding site: g 
active silo (.rlucose binding); s. glycogen storage site; and c, purine nucleoside (caffeine) inhibitor site. Hi reft additional 
residues. aa7 1 , aa30!> and aa3l(>. take part in glueosc-G-P binding but are not identified as such in the Fig. since they also 
bind AMP The positions of Sep 14 phosphate and caffeine binding residues wen: obtained from Newgard el al. (19b.)). 
A M P binding residues from Barford <f al. (1991) and Sprang ct al. (1987. 1988, 1991), residues that bind to 
l, ,«ae haride , the major and minor glycogen storage sites from Goldsmith c< al. ( 19S9«) and Johnson , el al. ,(190O) 
,1 pi bindi r 'an Mmson el al. (1992), Lorek et at. (1984) and Sprang at al. (1988). Residues m dose 

contact (2-2 to 5-0 angstroms) with either glucose, pviidoxal phosphate or residues in the other subunit were determined 
from the phosphorvlated rabbit M isozyme structure by the computer programme LIOPROT (S. R. Sprang, unpublished 
■ - It 'The pr u'tiona of identical residues, i, conserved residues, e, (based primarily on codon conservation, from the 
program. CLUSTAL V; Higgins & Sharp. 1989) and conserved residues, f, (based on amino acid side-chain polarity. Rath 
e.t al.. 1987: Hudson Hal. 1993) are indicated in the row labeled Conservation. We define conserved residues, based on 
side-chain polarity, as those that fall within but not between the following groups of amino acids: (Gly, Ala. Val. Leu. Tie-. 
Phe Trp. Pro. Met. Cvs). (Ser. Thr, Tvr, Asn, Gin), (Lvs. Arg, His) and (Asp. Glu). Sequences ol the mammalian and 
overall ancestral enzymes are shown in the rows labeled MamAnc and OvAno, respectively. 



In all 14 enzymes, 38 4% of the residues are either 
identical (19-4%), or conserved (19%), based on 
side-chain polarity. These residues are equally 
distributed between the N-terminal and C-terminnl 
domains of the rabbit M isozyme. In the N-terminal 
domain, 19-3% of residues are identical and 18-5% 
are conserved and in the C-terminal domain, 19 6% 
of residues are identical and 19-6% ate conserved. 
The activation subdomain within the N-terminal 
domain is less conserved containing 6-7% identical 
and 16-3% conserved residues. The majority 
(808%) of all identical and conserved residues occur 
at the positions of buried residues in the rabbit M 
isozyme and 61-3% of all buried residues in the 
rabbit M isozyme are either identical (309%) or 
conserved (30-4%) in all of the other enzymes. 



Tho location of identical residues and residues 
that are conserved in a more evolutionary sense 
(based, in part, on codon conservation from the 
program CLUSTAL V (Higgins & Sharp, 1989)) is 
shown in Figure 2 in relation to the three-dimen- 
sional structure of the phosphorylated rabbit M 
isozvme complexed with glucose (Sprang ef al., 
19.88; S. R. Sprang, E.J. Goldsmith & R.J. 
Fletterick. unpublished results). The majority of 
identical residues are situated in a 10 to 15 angstrom 
radius surrounding the active site cleft of the 
enzyme. These include residues involved in binding 
substrate and the cofactor, pyridoxal phosphate, as 
well as residues that make up the secondary struc- 
tural elements in which they are contained. The 
majority of conserved residues form an overlying 
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Conservation of the overall structure of phosphor ylasc in relation to the primary 
sequence and thret.-dimtnsional structure of the rabbit M isozyme 



252 



. ho number W ana pi.-re.nl |%) of identical and conserved (based on side-chain polarity) residues 
in all 14 phospliorvlasw is indicated, 
t The lot, ■ ; '-■ ' " " 



The number (#) i 

: ~ indicated. 

j'kIum analyzed was 815. 

411 buried residues in the rabbit muscle isozyme. 



layer, approximately ten angstroms in thickness, 
which surrounds the identical residues at the active 
site cleft. Non-conserved residues and deletions/ 
insertions present in the primary sequences of the 
non-mammalian enzymes are located primarily on 
the surface of the enzyme. Hence, the internal struc- 
ture of the enzyme has been highly conserved. 



Figure 2. The location of identical (yellow), conserved 
(blue) and non-conserved residues (purple) throughout all 
14 phosphorylases in relation to the 3-dimensional 
structure of tho phosphorylated rabbit M isozyme 
complexed with gluuose (Sprang ei aL 1988; S. R. Sprang. 
R. J. Coldsmith & R. J. Fletterick. unpublished results). 
Conserved residues were obtained using the program. 
CLURT.AL V (Higgins & Sharp. 1989). Residues were 
coloured using the program Insight II. The Fig. shows a 
ribbon model of the catalytic face of the dimer. The N and 
C-terminal domains arc situated on the left and right- 
hand sides of the active site cleft, respectively. 



Plots of the rates of change of the protein from 
the N-terminal to C-terminal ends in mammalian 
and non-mammalian phosphorylases are presented 
in Figure 3(a) and 3(b), respectively. The plots 




Figure 3. The rates of change of residues within 
phosphorylases. Plots represent the minimum treo length 
as a function of the residue number (rabbit M isozyme 
numbering), (a) Mammalian phosphorylases. (b) Non- 
mammalian phosphorylases. 
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represent estimates of minimum tree length as a 
function of residue number (0. B. Colding, unpub- 
lished results). Windows of 50 residues were exam- 
ined at five residue intervals along the protein. 
Residues of phosphorylases that were included in 
the analysis correspond to those that align with the 
rabbit M isozyme sequence. Insertions in non-mam- 
malian enzymes relative to the rabbit M isozyme 
sequence were not included in this analysis as their 
presence would lead to a false shortening of the tree 
length. Parts of the protein that ate evolving at a 
slower rate than adjacent regions are indicated by 
troughs in the curves and those with lowest 
minimum tree length contain larger surrounding 
regions of conserved residues. 

As expected, the minimum tree length for mam- 
malian phosphorylases is much smaller than that for 
non-mammalian phosphorylases. This is due to the 
greater genetic distance between taxa. In the non- 
mammalian enzymes, the overall rate of change is 
relatively constant between the N-termtnal and 
G-terminal domains. In contrast, the C-terminal 
domain of the mammalian isozymes appears to be 
changing at a greater rate overall than the 
N-terminal domain. 

In mammalian phosphorylases. regions within the 
primary sequence that are evolving at a slower rate 
relative to adjacent areas occur around aa55 and 
aa75, which contain residues involved in AMP 
activation and glucose-G-P inhibition. Slower 
evolving regions also occur around aaU5. aa285, 
aa.385, aa480, aaoBo, anGOO, aa635 and aa<575, which 
contain residues within the active site, pyridoxal 
phosphate binding site and nucleoside inhibitor site 
of the rabbit M isozyme (see Fig. 1). 

In non-mammalian enzymes, rBgions that are 
changing at a slower rate occur around aa45, aa75. 
aa290, aa360, aa385, aa465 to 475, aa5G5, aa585, 
aa630, aa67o, aa805 and aa825. Most of these 
contain residues within the active site and pyridoxal 
phosphate binding site of the rabbit M isozyme. 
However, some also contain residues that are 
involved in allosteric control through either activa- 
tion by AMP and/or inhibition by glucose-6-P 
(around ao45 and aa75). The slower evolving region 
around aa360 corresponds to a part of the minor 
glycogen storage site of the rabbit M isozyme. The 
slower rates of change around aa805 and aa825 may 
involve conservation of C-terminal residues that 
form the bottom part of the active site in the rabbit 
M isozyme, as suggested by Palm et al. (J987). 

(b) Phylogenelic relationships of phosphorylases 
A phytogeny based on the complete amino acid 
sequences of all 14 phosphorylases is presented in 
Figure 4. This phylogeny indicates that the two 
isozymes within either E. coli, potato or 
Dictyostclium are more closely related to each other 
than they are to phosphorylases from other species. 
Yeast .phosphorylase is most closely related to the 
two phosphorylases from Diclyostelium. The long 
relative branch lengths of the non-mammalian 




0 O.OS 0.1 0.15 0.2 

Figure 4. A phylogeny of phosphorylases based on their 
complete amino acid sequences. The numbers on the let't- 
indieate the number of bootstraps for which uixa to the 
light of that branch point form a monophyletic group. 
Branch lengths correspond to the median value and the 
stippled boxes represent 95% confidence intervals. The 
scale indicates the branch length for 0 to 0-2 amino ncid 
replacements per site. 



enzymes indicate that there has been either a high 
rate of change in these enzymes or that they are 
derived from ancient enzymes. 

In mammals, the creation of the M. B and L 
isozymes predates the mammalian radiation. The 
M, B and L isozymes have evolved into phylo- 
genetically distinct sequences and the M and B 
isozymes are more closely related to each other than 
to the L isozyme. The M isozyme is changing at a 
slower rate than the other two. This is a good 
indication that rates of change in tissue-specific 
isozymes can differ. 



(c) Conservation of ligand binding residues 
(i) Active tile and pyridoxal phosphate binding site 

As expected, active site and pyridoxal phosphate 
binding residues in the rabbit M isozyme are highly 
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conserved in both mammalian and non-mammalian 
phosphorylases (see Fig. I). A lotAl of 1(5 residues 
that come In close contact with glucose at the active 
site are identical in all phosphorylases with the 
exception of aa284 and aa484. Amino acid residue 
•284 is identical in all enzymes except the two potato 
isozymes where non-conservative changes occur 
(Asn/Olu and Asn/Ala) and in E. coli glycogen plios- 
phorvlase where there is a conservative change 
(Asn/Ser), based on side-change, polarity. Amino 
acid residue 484 is identical in all enzymes except 
phosphorylase 2 from Dictyostelium, which has the 
substitution Asn-Ser. There is slightly more varia- 
tion but still a high degree of conservation of the 15 
residues that form close contacts with pyridoxal 
phosphate. Residues that are not identical are 
located at aa90, where all non-mammalian enzymes 
contain a non-conservative change (Tyr/Leu), at 
aa5()7, where there is a conservative change 
(Val/Ile) in a number of non-mammalian phos- 
phorylase, at aaf549, where non-conservativo 
changes (Arg/Asn, Arg/Cys, Arg/Ser) occur in all 
non-mammalian phosphorylases and at aa677 where 
a non-conservative change (Cly/Ser) occurs in all 
non-mammalian enzymes except E. coli malto- 
dcxtrin phosphorylase. 
(ii) Glycogen, storage site 

Oligosaccharide binding to crystal structures of 
the rabbit M isozyme has indicated the existence of 
a minor (aa'205 to 215 and aa.354 to 362) and major 
(aa397 to 438) glycogen storage site in the protein 
(Goldsmith el al., 1989a; Johnson el al.. 1990). 
A phytogeny based on all of the residues within the 
minor and major sites is presented in Figure 5. To 
allow a better comparison of corresponding residues 
in all phosphorylases, the 77 amino acid residue 
insert that is located in this region in the potato 
type L phosphorylase was omitted from the analy- 
sis. This phylogcny indicates that 'the glycogen 
storage site is continuing to change in the L isozyme 
from rat and human. In contrast, the glycogen 
storage site in the M and B isozymes is evolving at a 
much slower rate. As in the phylogeny of the overall 
sequences of these enzymes, the relative branch 
lengths of the non-mammalian phosphorylases are 
much greater than those of the mammalian 
isozymes for this region. Interestingly, apart from 
the 77 amino acid residue insertion, the type H and 
L isozymes from potato appear to be evolving at a 
similar rate although they differ dramatically in 
their affinities for glycogen (Mori e.t al., 1991). 

In mammalian phosphorylases, there is a high 
degree or conservation of those residues that corre- 
spond to sugar binding residues in the minor and 
major glvcogen storage sites of the rabbit M 
isozyme ("sec Table 2). Human nnd rat M isozymes 
show 100% identity of all sugar binding residues, 
while B and I, isozymes from human and rat show 
slightly less conservation of both sites (07 to 100% 
and 88 to 100% identical and conserved residues in 
the minor and major glycogen storage sites, 
respectively). 




Figure 5. A phylogeny of phosphorylases based on 
residues corresponding ti> those in the major and minor 
glycogen storage sites r>f the rabbit M isozyme. The Fig, is 
drawn as described in Fig. 4. 



In most cases, non -mammalian phosphorylases 
also show a relatively high degree of conservation of 
sugar binding residues in both sites {see Table 2). In 
the minor site, 50 to 83% of the sugar binding 



Conservation of sugar binding residues in the major 
and minor glycogen storage sile-i of the 
rabbit M isozyme 
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residues am cither identical or conserved, based on 
side-chain polarity. The C-terminal portion (aa354 
to 362) of the minor site is much more conserved 
than the N-terminal portion (aa20o to 215). Of the 
five, sugar binding residues in the C-termina! 
portion. 60 to 100% are cither identical or 
conserved, depending on the enzyme (see Fig. 1). 
Three residues in the site, at aa354, aa355 and 
a,a30l. are either identical or conserved in all non- 
mammalian phosphorylases. In contrast, the sole 
sugar hinding residue in the N-terminal portion of 
the minor site (aa213), is non-conserved in all non- 
mammalian phosphorylases. Tt. is also non- 
conserved, in the rat and , human L isozymes. 
Delet ions or insertions (1 to 6 aa in length) occur in 
this region in all non-mammalian enzymes except 
("or the glycogen phosphorylase from B.coli. This 
indicates that the N'-termimil portion of the minor 
site may not be important for polyglucan binding in 
many of these enzymes. 

In the major site, highest conservation of sugar 
binding residues is observed in phosphorylase 1 and 
2 from Diclyoslelium . yeast phosphorylase and 
ft. coli glycogen and rnallodextrin phosphorylases. 
In these enzymes, 71 to 82% of the 17 sugar hinding 
residues in the site are either identical or conserved. 
Sugar binding residues at aa398. aa402. aa407, 
na43l. tu\433 and aa437 are identical or conserved in 
all five phosphorylases and sugar binding residues at 
na405, aa411. aa425 and aa429 are identical or 
conserved in all but one of the five phosphorylases 
(see Fig. 1). Type H and L phosphorylases from 
potato exhibit a lower degree of conservation of 
sugar binding residues. In these enzymes, only 41% 
of the residues are either identical or conserved (see 
Table 2). 

A long insertion (77 amino acid residues in length) 
occurs between aa42l) and an42l in t he type L phos- 
phorylase from potato (see Fig. 1). This insertion is 
situated in a loop on the surface of the protein thai 
separates the two sugar binding helices of the major 
glycogen storage site in the rabbit M isozyme and it 



has been suggested that it may be responsible, in 
part, for the low affinity of the potato enzyme for 
glycogen (Nakano & Fukui, 1980). -Small insertions 
(1 aa in length) between the sugar binding residues, 
aa433 ami 437, exist in yeast phosphorylase and the 
two isozymes from potato. A deletion (3 aa in 
length) also occurs in this region in B.coli malto- 
dextrin phosphorylase. 

(iii) Purine nucleoside inhibitor site 

The. purine nucleoside inhibitor site of the rabbit 
M isozyme exists only in the inactive :: T" conforma- 
tional state of the enzyme and consists primarily of 
a hydrophobic slot constructed from Phe285 and 
Tyr613 (Kasvinsky el al., 1978; Sprang el al.. 1982). 
This site is identically conserved in all mammalian 
phosphorylases, (see Fig. 1). In contrast, all non- 
mammalian phosphorylases, except the yeast, 
enzyme, have, non-conservative substitutions at 
aa285, indicating that this site may be non-func- 
tional in those enzymes. Tyr($l3 is identical in all 
phosphorylases. It has been suggested that this 
residue may also function to bind glycogen at the 
active site (Newgard el al, 1989). 

(iv) Phosphorylation and AMP binding sites 
Serl4-P and AMP binding residue's in the rabbit 

M isozyme are highly conserved in mammalian 
phosphorylases but poorly conserved in non-mam- 
malian phosphorylases (see Table 3). The phosphate 
group of Serl4-P forms ion pairs with Arg43' from 
the other snbunit and Arg69 from the same subunit 
(Sprang el al.. 1988). (The prime symbol denotes 
residues in the other diad-related subunit.) These 
residues are identical in all of the mammalian 
isozymes. In contrast, non-conservative changes 
occur at the positions of either one or both residues 
in the non- mammalian enzymes. 

There are 1 1 AMP binding residues in the rabbit 
M isozyme. These are situated in the "cap" loop of 
one subunit and helix-2. helix-8 and the aa313 to 
325 loop of the other subunit (Barforrl tt at.. 1991: 



Table 3 

Conservation ofSer!4-P and AMP binding residues in the rabbit M isozyme. 



Amino ;»cid residue 
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Sprang et at., 1987, 1988, 1991). All of these residues 
are identical in the mammalian M and B isozymes 
(see Tabic 3), In the mammalian L isozyme, which is 
activated to a lesser extent hy AMP, all AMP 
binding residues are identical, except aa.318, which 
is not conserved (Cys/Scr) in both human and rat, L 
isozymes. 

Of the non-mammalian phosphorylases, only the 
b form of phosphorylase 1 from IHclyostelium is 
appreciably activated (6 to 8-fold) by AMP in vitro 
(Naranan et at., 1988: Rutherford & Cloutier, 1986). 
In this enzyme, however, only four AMP binding 
residues are identical to those in the rabbit M 
isozyme. Two of these, Arg3()9 and Arg.310, form 
ionic bonds in the rabbit M isozyme with the phos- 
phate group of AMP. while the other two, Gln7) 
and Gln72, interact with the ribose group (Sprang et 
al., 1987, 1988). Two residues are also conserved, 
based on side-chain polarity, representing Asn44 to 
Tyr44 and Tyr75 to Thr75 substitutions. In tho 
latter substitution, the phenolic ring of Tyr75, 
which forms an important, stacking interaction with 
tho adenine base of AMP in the rabbit 31 isozyme, is 
missing in Thr75. This indicates that this stacking 
interaction is not preserved. Interestingly, yeast 
phosphorylase exhibits a very similar degree of 
conservation of AMP binding residues as the type I 
enzyme from Diclynstelivm. but is not activated by 
AMP (Rath, 1991). 

The remaining non-mammalian phosphorylases 
exhibit lower conservation of the AMP binding site, 
containing only one to four identical or conserved 
residues. Interestingly, all of the non-mammalian 
enzymes contain deletions in tho aa.3)5 to 325 loop 
of the rabbit M isozyme. This loop has been identi- 
fied recently as an important binding determinant 
for the adenine base of AMP (Sprang et al., 1991). 

(v) Olucose-6-P binding site 

In contrast to the Serl4-P and AMP binding sites, 
the ghicose-C-P binding site is highly conserved in a 
number of non-mammalian phsophorylases (see 
Table 4). This is surprising since tho glucose-6-P 
binding site overlaps with the AMP binding site in 

Table 4 

Conservation of ghtcose-6-P binding residues in the 
rabbit M isozyme 
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Symbols are as described in Table 3. 



the rabbit M isozyme (Johnson et al., 1992; Lorek et 
al., 1984; Soprang el al., 1088). Eight residues 
interact with glncose-fi-P and three of these are also 
involved in AMP binding. Two of these, Arg309 and 
Arg3IO interact with the common phosphate groups 
of AMP and glncose-6-P. The other, Gln7 1 , interacts 
with the sugar groups of both ligands. The 
remaining five residues in the glueose-(S-P binding 
site form further contacts with the sugar (Val40\ 
Trp67, Argl93, Asp227) and phosphate (Arg242) 
groups. 

All glucose-fl-P binding residues are identical in 
the rat and human M, B and L isozymes, indicating 
a high degree of conservation of the site in mam- 
malian phosphorylases (see Table 4). There is also 
strong conservation of the site in four non-mam- 
malian phosphorylases. Seven of the eight glucose-6- 
P binding residues in the rabbit M isozyme are 
identical in the Dktyoslelium type 1 and yeast phos- 
phorylases. The other residue, at aa40', is conserved, 
being a Val to Ala change in both enzymes. The 
type L phosphorylase from potato and the glycogen 
phosphorylase from E. coli also exhibit a high 
degree of conservation of the site. Six and five 
glncose-6-P binding residues are identical in the 
potato and IS. coli enzymes, respectively, and only 
one residue is non-conserved, being a Arg/Sor 
change at aa809 in both enzymes. This non-conser- 
vative substitution may have less effect on glucose- 
6-P binding than on AMP binding since the phos- 
phate group of glucose-6-P not only forms ion pairs 
with Arg309 and Arg3IO, but also interacts with 
Arg242 (Johnson et al., 1992; Lorek et al., 1984; 
Sprang et at., 1988). The other three non-mam- 
malian enzymes exhibit lower conservation, 
containing two to three non-conservative changes in 
residues that bind both the phosphate and sugar 
groups of the ligand. Interestingly, an intrasubunit 
hydrogen bond network containing residues Tyrl57, 
Asp227, Arg242. Asp306 and Arg310 is formed at 
the phosphate subsite (Johnson el al., 1992) and this 
network is also highly conserved. All of the residues 
in the network are identical in all of tho non- 
mammalian enzymes with the exception of 
Dictyostelium type 2 phosphorylase, which contains 
a non-conservative substitution at aa310. 

(d) Conservation of dimer contact residues 
To obtain estimates of the degree of conservation 
of dimer contact residues in the rabbit M isozyme, 
these residues were first separated into interacting 
groups based on the residues that they contact in 
the other subunit. This analysis indicated that they 
could be grouped into three relatively independent 
networks (see Fig. 6). Interestingly, one network 
appears to be associated with phosphorylation/AMP 
control a3 it contains dimer contact and other 
closely linked residues that bind SerU-P and AMP 
(aa42' to 45', aa69, aa71, aa72 and aa75). The 
second network contains dimer contact residues 
involved in glucoso-0-P binding (aa40', aa67 and 
aaI93) and hence, may be more closely associated 
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Figure 6. Conservation of dimer contact networks in the rabbit M isozyme. Interacting groups of dimer contact 
residues are separated by arrows. The number of dimer contact pairs in each interacting group is given in brackets. The 
degree of conservation of dimer contact pairs with interacting groups is indicated by the degree of shading of the arrows: 
light grey. 0 to 15%, medium grey. 1(3 to 35% and dark grey, 36 to 00%. 



with glucose-6-P control. The third network 
contains dimer contact residues within the tower 
helix (aa262 to 267) and on both sides of the gate 
loop (aa282' to 285') in the other subunit. These 
elements are directly associated with conforma- 
tional changes at the active site (Barford & 
Johnson, 1989: Johnson et al., 1992; Sprang el al., 
1987). Dimer contact pairs within each interacting 
group are presented in Table 5. 

The degree of conservation of these dimer contact 
networks was determined by examining the conser- 
vation of interacting pairs of dimer contact residues. 
Our criteria for conservation of an interacting pair 
is that both dimer contact residues of the pair be 
identical or conserved (based on side-chain polarity) 
relative to the corresponding residue in the rabbit M 
isozyme. All mammalian isozymes exhibit a high 
degree of conservation of dimer contact pairs (see 
Fig. 1 and Hudson et al., 1993). 

Table 6 presents estimates of the degree of conser- 
vation of these dimer contact networks among the 
non-mammalian phosphorylases. The network asso- 
ciated with Serl4-P and AMP binding residues is 
poorly conserved. On average, only three dimer 



contact pairs are conserved out of a total of 34 in 
the network. Type 1 phosphorylase from 
Dictyostelium, which is activated by both phos- 
phorylation and AMP, and yeast phosphorylase, 
which is activated by phosphorylation but not 
AMP, fall within the range of conservation 
exhibited by the other enzymes. Four dimer contact 
pairs that form a link (link 1) between the networks 
associated with Serl4-P/AMP and glucose-6-P 
binding residues are also poorly conserved. 

In contrast, dimer contact pairs ii 
associated with glucose-6-P binding r< 
a much higher degree of 
Phosphorylase 1 from Dictyosteliu 
phorylase, type L phosphorylase from potato and 
glycogen phosphorylase from E.coli exhibit highest 
conservation, containing 9 or 10 conserved pairs out 
of 16 in the network. Phosphorylase 2 from 
Dictyostelium, type.H phosphorylase from potato 
and E, coli maltodextrin phosphorylase have less 
conserved networks, containing two to six 
conserved dimer contact pairs. For this non-mam- 
malian enzyme set, the relative degree of conserva- 
tion of the network correlates with the relative 



i the network 
isidues exhibit 
conservation, 
, yeast phos- 
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Tables 

_ Ihmcr contact pain ivithiu. interacting grtrups in the rabbit M isozyme 
Amino ucid residues 



23'-36'/28~3(i 

36708-75 

42'-5170H--75 



37~»iy60"(57 

:i7'— ij'/ioi-isih 

177-1857191-101) 



>62- 270/01 I' 



Dimer euntiint pairst 



r ,w - '•w- l3/w - w, is/ai?. imr 

10/43'. 10/51- 11/4 l2/43\ 13/43'. 13/51'. 14/43 

H/II6-. 9/113'. 9/1 14'. 9/115'. 9/1 Hi'. 10/115'. i(!/l My. | 0 / t |r l*/li 

12/115'. 13/1 15-. 13/117' 

33733 

36768 

42'/68. 42772. 44772. 45775 
18/37' 

W/OS, 10771. 41768 

37'/00 37/61. 377li4. 37765. 38-/00, 4071)0. 40784 40767 
ST/101. 397191. 39-/I93. 40/101. 407193, 4I /1M3. 417195. ,l'/l% 
1847194. 1357194. IS5'/I!>5 
13472221. 1847224. 



S7251. 1 



. I7D-/25 



1797254. 1817247. 



I77'/2U2. I7S72U2. I7872IW. m/m. 1817260 
' -' !09. 1047202. I 02. 1007202 

r ^ 3', 21)3/27!) I 

» 87/274 >07/277 287/371T. 2M7/28I'! 

270/270-' " 
262/611' 



r minuet pair* (2 2 Lr 5 i) ang»trom« a pari) were determined I'mm the c 
d w.th gluco,, |.S,,r.„, M r , „/.. (ass; S. R. .Sprwift. K..J. OolilsmiU, 

proxrnmm, I.K.'PKOT R, .Sprang. .mpuW«h«,| ii-sulf.s). 
ami link 2 nspma-ni intfiwUn* p.'iira l«t wcn ihu .Xerl4-l>/AMP 

I ujitl loirer Imlixfeiit* limp associated networks. rrspeHivelv 



sh-O-I' mauRinltnl networks 



Table 6 

o-nsermlion of diner evnlact pair* of the rabbit M ,.^ rec 0 con8erv ' atjon ol lne gl<icose-IJ-P bin 
isozyme, in mm- mammalian phosphoryhte* S,te ' 



liaised on the degree of conservation nlMntc-raciins 
"roups, the lower helix ami gate loop assoaali-ij 
network was divided into two parts. Part ! of the 
outwork (containing interacting groups: aal77' to 
1S5\ a«222 U> 221, aa247 lo 254 and aa2o2 to 270} is 
poorly conserved. In this part of the network, the 
dimer contact groups, with the exception of na.177' 
to ISo'. do not interact directly with the «roups 
(a«202 lo 270 and aa274' to 291') that contain towor 
helix and gat* loop residues (see Fig. (5). Part 2 of 
the network (containing interacting groups: aai03' 
to I6G\ aa262 to 270, aa274' to 291' and aa6ll') 
exhibits greater conservation in all non-mammalian 
phosphorylases except the type 1, phosphorylase 
from potato and K.eoH nialtodcxtrin phosphorvl- 
ase. On average, 13-8 dimer contact pairs out of 23 
eny.v t0nSC ' Ve( ' ^ ° thC ' m>n " mamma,ittn 
The degree of conservation or single, interacting 
groups in all seven non-mammalian phosphorvlascs 
is illustrated in Figure 0. Interacting groups with 
the highest degree of conservation (30 to 00% 
conserved pairs) are those associated with 
» art rwuluMw, Om networks glucose-IS-P binding endues (ua37' to 4l'/mxl01 to 

>ryl«s<- is ronsuifrwl. il„. numln-r rt «waled with lower helix and .rale loop residue's 
■unserved dimer wmtiiot pain, (art2(52 to 27l)/aal(S3' to 100'. aa20'> to > 7l)/na' , 74' lo 
rii-w given In bracket*. 201*. aa2fi2 to 270/aa202' to 270' and aa202 to 270/ 
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aaOl I'). Interacting groups with a lower degree of 
conservation (Ifi to 35% conserved pairs) occur 
within the Serl4-P/AMP associated network (aa28 
to 3<tyaa28' to 3ft", which contains only one dimer 
contact pair. aa33/aa33'). one of the links between 
the Scrl4-P/AMP and glt>eose-6-P associated 
networks (aa37' to 4]',*iuv(58 to 75) and within part 1 
of the tower helix/gate loop associated network 
(an. 1 77' to 185'/aa262 to 270 and aal77' to 185'/ 
aa247 to 254). All other interacting groups exhibit 
poor conservation (0 to 15% conserved pairs). 



(e) Conservation ojli/jand binding situ and 
dimer contact netuvrku in the mammalian 
and overall ancestral sequences 
Reconstructed sequences of the mammalian and 
overall ancestral enzymes are presented in Figure 1. 
The overall ancestral sequence was derived from the 
sequences of all the mammalian and non-mam- 
malian ancestral enzymes in the phytogeny 
presented in Figured. The mammalian ancestral 
sequence was derived from the mammalian set of 
ancestral enzymes. The extent of conservation of 
residues comprising ligand binding sites and dimer 
contact networks is shown in Table 7. 

As expected, the mammalian and overall ances- 
tral env.ymes contain a high degree of conservation 
of octive site and pyridoxal -phosphate binding 
residues. Residues within the major and minor 



Table 7 

The number (#■) and percent (%) of identical mid 
rtniturmut (baml on -side-chain polarity) lie/and. 
bindimj residues ami. dimer contact pain in the. 
mammalian and oce.mil ancestral xequence-i 



r,i i#) i%) 



glycogen storage sites are also relatively highly 
conserved in both ancestral sequences. All caffei 
binding residues in the purine nucleoside inhibitor 
site are identical in the. mammalian antes 
enzyme. However, in the overall ancestral seque 
a non-conservative substitution (Phe/Thr) exists at 
aa28o (see Fig. 1) indicating that the nucleoside 
inhibitor site might not have been functional in the 
overall ancestral enzyme. 

In the mammalian ancestor, there is high cor 
vation of residues in the SerH-P and AMP binding 
sites. In contrast, the overall ancestral enzyme exhi- 
bits poor conservation of these sites. For the 
Serl4-P binding site, only one of the two resic 
that interact with the phosphate group is conset 
(Arg6'J). For the AMP binding site, only three of 
11 AMP binding residues are identical (Val45', 
Arg309. ArgSlO). The remaining residues are either 
unknown or not present in the overall ancestral 
sequence. There is also no conservation in I 
overall ancestral enzyme of dimer contact pairs 
the phosphorylation/AMP associated dimer contact 
network. In contrast, this network is highly 
conserved in the mammalian ancestral enzyme. 

Both mammalian and overall ancestral enzymes 
exhibit high conservation of the glucose-6-P binding 
site. All eight glucose-fi-P binding residues are iden- 
tical in the mammalian ancestral sequence and six 
of these are inclcntical in the overall ancestral 
sequence. These six residues bind to both the phos- 
phate (Arg242. Arg309 and Arg.310) and sug.i 
"roups (Trp(i7. Arg'193 and Asp227) of gluoose-60 
There is also some conservation in the overall ances- 
tral sequence of interacting pairs of residues in the 
glucosn-6-P associated dimer contact network. Fiv 
nut of the 16 dimer contact pairs are identical in the 
network and four of these (out of <S) are present 
within the interacting group. na37' to 4)'/aa(S0 
to 1)7. 

Dimer contact pairs are also conserved in 
tower helix/gate loop associated network. In the 
overall ancestral sequence. 4l" n and 70% of dimer 
contact pairs are identical or conserved in parts 1 
and 2 of the network, respectively. Highly 
conserved interacting groups in the network are 
aa) 77' to 1857aa247 to 254. an 1 77' to 18o'/aa262 to 
270. a;\ 163' to Io07aa2ti2 to 270. aa262 to 270/ 
aa274' to 201'. aa202 to 270/oa.262' to 270' and 
aa2()2 to 270/aaGU'. In these groups, -1/10 3/5, 2/5. 
12/16. 1/1. 1/1 dimer contact pairs are conserved, 
respectively. 



4. Discussion 
The alignment presented in Figure 1 is in agree- 
ment at the X and C termini with that obtained bv 
Newgarcl el al. ( 1 980) for a subset of the mammal 
isozymes, the two phosphorylases from E.coli. the 

It differs." however, from alignments obtained for 
the type H enzyme from potato (Mori el at.. 1001) 
and the type 1 arid 2 enzymes from Dictyoslelimn 
(Rogers et al.. 1902: Rutherford el al.. 1992). Our 
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alignment also differs from Unit of N'ewgard el al. 
(1989) and Nakano & Fukiii (1986) with regard to 
the position and length oT the large insert in the 
typo L enzyme from potato. There are also minor 
differences in the positions of several insertions/ 
deletions in the yeast enzyme in comparison to the 
alignment of N'ewgard el al. (1989), The greater 
number of phosphorylase sequences used in this 
study provides a more extensive data set for 
matching amino acid residues. This has led to the 
construction of an alignment that provides a higher 
degree of sequence similarity among these enzymes 
than observed previously in certain regions of the 
protein. These include regions near the N terminus, 
as well as the portion of the protein that corre- 
sponds to the major glycogen storage site in the 
rabbit M isozyme. 

As expected, the internal core of the protein, as 
well as active site and pyridoxal phosphate binding 
residues, arc highly conserved. The N-tcrminal 
domain exhibits a similar degree of overall conser- 
vation as the C-termlnal domain when all 14 
sequences are compared. In contrast, previous com- 
parisons with subsets of these sequences have 
indicated, in general, that the C-tenninal domain is 
more conserved than the N-tcrminal domain 
(Newgard el al.. 1989), Our analysis of the relative 
overall rates of change of residues in non-mam- 
malian organisms also indicates that both domains 
are evolving at a similar rate. This suggests that the 
selective pressures on both domains are equivalent. 
Interestingly, the C-terminal domain is evolving at 
a faster rate in mammalian phosphorylases than the 
N-terminal domain. This may reflect the greater use 
of allostcric control in theso enzymes. 

Analysis of the degree of conservation of residues 
corresponding to oligosaccharide binding residues in 
the major and minor glycogen storage sites of the 
rabbit .M isozyme (Goldsmith U al.. 1989a; Johnson 
el- <il., 1990) indicate that both sites are well 
conserved in the mammalian and most of the non- 
mammalian enzymes. The type L and H phos- 
phorylases from potato exhibit the lowest degree of 
conservation. Both enzymes contain 50% and 41% 
conserved sugar binding residues in the minor and 
major sites, respectively. Since the two enzymes 
contain a similar degree of conservation of these two 
sites, the lower affinity of the type I, enzyme for 
glycogen is likely due in largo part, to the large 77 
residue insertion in the major glycogen storage site, 
iw suggested previously (Nakano & Fukui, 1980). 

Surprisingly, sugar binding residues in the major 
glycogen storage silo are more conserved (71% 
conservation) in /f. roti maltodextriu phosphorylase 
than they are in the high glycogen affinity, typo H 
enzyme from potato. Maltodextrin phosphorylase 
also exhibits a similar degree of conservation of 
residues in both the major and minor sites as the 
true glycogen phosphorylase from E. coli. 
Interestingly, a three amino acid deletion in malto- 
dextrin phosphorylase occurs between two impor- 
tant sugar binding residues, aa433 and aa437. This 
region in the rabbit M isozyme undergoes a major 



conformational change upon oligossacharido 
binding (Goldsmith el al., 1989a; Johnson el al.. 
1990) and has been implicated in oligosaccharide 
length specificity (Johnson el al.. 1990). Hence, it is 
possible that, this deletion in maltodextrin phos- 
phorylase may be responsible in part for 'the 
enzyme's preference for maltodextrin as substrate. 

The portion of the enzyme that is shared by all of 
these phosphorylases appears to span nearly the 
entire length (95%) of the rabbit M isozyme with 
the exception of the N-terminal tail, which contains 
residues in phosphorylation control, and the 0 
terminus, which contains residues that are displaced 
by the N terminus upon phosphorylation (Barford u 
al., 1991; Sprang el al., 1991). Sequence identity and 
conservation of amino acid residues begins at 
helix- 1 (aa23 to 40) and extends at least to the end 
of the last alpha-helix, helix 33 (aa813 to 825) in 
relation to the rabbit M isozyme (see Fig. 1). In 
helix-l, all three buried residues (aa27, aa31 and 
aa35) are conserved, containing non-polar side- 
chains in all of the enzymes. In addition, all of the 
enzymes, except glycogen and maltodextrin phos- 
phorylase from E. coli. contain a His residue at aa34 
and all of the enzymes, except K. coli maltodextrin 
phosphorylase, contain a Thr residue at aa38. 
Glycogen and maltodextrin phosphorylases from 
li. coli contain conserved Lys and Tyr substitutions 
at aa34 and aa38, respectively. In addition to these 
primary sequence considerations, helix-l has been 
observed in the three-dimensional structure of yeast 
phosphorylase b (V. I,. Rath & R. J. Fletteriek 
unpublished results). The appearance of identical 
residues in al) 14 enzymes begins at aa63 in helix-2. 
In helix-33. there are six residues that are identical 
in all enzymes. Five of these occur at residues that 
are buried in the rabbit M isozyme and two. aa324 
and aa825. are located at the (..'-terminal end of the 
helix. The sequence of the overall ancestral enzyme 
derived from all mammalian and non-mammalian 
ancestral enzymes also begins in helix-l, at aa25, 
and extends to aa832. This ancestral enzyme is 
similar, but not identical, in sequence to the mam- 
malian ancestral enzyme at both the N and 
G termini, as well as in internal regions throughout 
the protein. 

It has been postulated that the N-terminal 80 
amino acid residues in the mammalian phosphoryl- 
ases may have been acquired by fusion of a unique 
segment on to a mammalian ancestral gene 
(Newgard el al., 1980, 1989). Our results do not 
support this hypothesis, but indicate that allosteric 
control involving ligand binding and dirtier contact 
residues within helix- 1 . the CAP loop of the AMP 
activation site (aa4F to a«47') and helix-2 (aa48 to 
78), evolved from a single ancestral gene common to 
al) of the enzymes examined here. This does not rule 
out the possibility of gene fusion events occurring 
before helix-l, since this could explain the different 
sites and mechanisms for phosphorylation of the 
yeast and mammalian enzvmes, as has been 
suggested previously (Hwang & Fle.tterick, 1986). 

In the rabbit M isozyme, there are 74 dimer 
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contact residues that interact with residues in the 
other subunit. As these residues are important Tor 
the propagation of allosteric effects (Barford el at.. 
1991; Sprang tt al., 1988, 1991), we have carried out 
a detailed analysis of the degree of conservation of 
dimer contact pairs in all of these phosphorylases. 
To make greater sense of the reason underlying 
conservation of specific dimer contact pairs, dimer 
contact residues in the rabbit M isozyme were first 
divided into interacting groups based on the. 
residues that they contact in the other subunit. 
Surprisingly, this analysis indicated that interacting 
groups could be placed into three relatively inde- 
pendent networks: a network containing phos- 
phorylation and AMP binding residues, a network 
containing glucose-C-P binding residues and an 
activo site associated network, containing residues 
within the tower helix and gate loop. Since rela- 
tively few dimer contact, pairs exist between these 
networks, this raises the possibility that enzyme 
activation by phosphorylation and AMP might 
involve the use of an intersubunit pathway for 
allosteric signal transmission that is distinct from 
that used for inhibition of enzyme activity by 
glucose-fl-P. 

In support of this hypothesis, the degree of 
conservation in non-mammalian phosphorylases of 
dimer contact pairs in the networks associated with 
either phospliorylation/AMP or glucose-6-P binding 
residues correlates with the degree of conservation 
of the sites to which these ligands bind. 
Phosphorylation and AMP binding site residues are 
poorly conserved in the non-mammalian enzymes 
and poor conservation is also observed for the asso- 
ciated dimer contact network. Phosphorylase 1 
from Dictyostdium is the only enzyme in the non- 
mammalian set examined here that is significantly 
activated by AMP {Naranan el at., 1988; Rutherford 
& Cloutier, 1986). As the AMP binding site and 
associated dimer contact network are poorly 
conserved, a separate pathway for allosteric signal 
transmission across subunits may have evolved in 
this enzyme through convergent evolution. 
A different pathway to that used in mammals might 
also have evolved for phosphorylation control in 
both the Diclyoslelium 1 and yeast enzymes. 

In contrast, glncose-6-P binding residues are 
highly conserved in four of the non-mammalian 
enzymes. All residues comprising the glucose-6-P 
binding site are either identical or conserved in 
phosphorylase 1 from Diclyoslelium. yeast phos- 
phorylase, type L phosphorylase from potato and 
E. coli glycogen phosphorylase, with the exception 
of a non-conservative substitution that occurs at 
aa309 in the latter two enzymes. The glucose-6-P 
binding site is less well conserved in phosphorylase 2 
from Diclyoslelium. type H phosphorylase from 
potato and E. coli maltodextrin phosphorylase. In 
these two groups of non-mammalian enzymes, the 
relative degree of conservation of dimer contact, 
pairs in the network associated with glucose-6-P 
binding residues correlates with the relative degree 
of conservation of the giucose-6-P binding residues. 



This provides evidence in favor of a possible func- 
tional role for this network in glucose-6-P control. 

The high degree of conservation of the glucose- 
6-P binding site and associated dimer contact 
network in the non-mammalian enzymes favors a 
model for the evolution of allostery of the enzyme 
where control by g)ucose-6-P existed earlier than 
control by either phosphorylation or AMP. In 
accord with this, the glucose-6-P binding site and 
associated dimer contact network is more conserved 
in the overall ancestral sequence than the phos- 
phorylation/AMP binding sites and associated 
dimer contact network. 

It is possible that the AMP binding site in 
mammals evolved initially through the use of a 
portion of the phosphate binding subsite for 
glucose-6-P involving residues Arg309, Arg310, as 
suggested previously (Newgard ct al., 1989). 
However, residues chosen for binding the sugar and 
base moitics of AMP were distinct, for the most 
part, from those used for binding the sugar moiety 
of gIucose-6-P. This perhaps allowed the establish- 
mnntof a distinct dimer contact network that could 
then be used as a separate pathway for the propaga- 
tion of allosteric signals leading to activation rather 
than inhibition of enzyme activity. The relatively 
high degree of conservation of the dimer contact 
network associated with the tower helix and gate 
loop in the non-mammalian enzymes and in the 
overall ancestral enzyme suggests that these struc- 
tural elements may have been involved early on in 
promoting conformational changes at the active 
site. Confirmation of this model will require detailed 
kinetic analysis of the effect of glucose-6-P on the 
activity of a variety of non-mammalian enzymes. 
Crystallographic studies will also be necessary for 
identifying residues involved in dimer formation 
and ligand binding. In this respect, projects are 
underway for determining the three-dimensional 
structures of phosphorylases from potato and yeast 
(Hecht el al. 1 987; Rath el al., ] 992). The functional 
independence of glucose-6-P and phosphorylation/ 
AMP associated dimer contact networks could be 
assessed by examining the effects of mutations 
leading to the creation or destruction of contacts 
between specific dimer contact pairs in the rabbit M 
isozyme. 

We gratefully acknowledge Drs R. J. Beynon. M. F. 
Browner, R. J. Fletterick. P. K. Hwang and V. L. Rath 
for helpful advice throughout the preparation of this 
manuscript and E. C. Cardonio for help with the prepara- 
tion of the Figures. This work was supported bv NSERC 
grants. A8383 and U0336 to M.M.C. and G.B.G., respec- 
tively. Support was also provided by a XATO 
Collaborative Research Grant to M.M.C. and by the 
Canadian Institute for Advanced Research to G.B.G. 



References 

Archarya. K. R., Stuart, D. I., Varvill. K. M. & Johnson, 
L. ST. (1991). Olycogen Phosphorylase b , Description of 
the Protein Structure, World Scientific Publishing Co. 
Pte. Ltd., Singapore. 



720 



Phosphorylase Evolution 



Barford. D. * Johnson. L. X, (1089). The ailosterie 
transition of glycogen phosphorvlase. Mature 
(London J, 340, 009-616. 

Barford. D., Hu. S.-H. & Johnson. L. .N r . (1991). 
Structural mechanism for glycogen phosphorylase 
control by phosphorylation and AMP. ./. Mol. Biol 
218. 233-260. 

Browner. M. F. & Fletterick, R. J. (1992). Phosphorylase: 
a biological transducer. Trends Biochem. Sci. 17 
66-71. 

Browner. M. F„ Fauman. E. B. & Fletterick. R. J. 
(1992a). Tracking conformational states in ailosterie 
transitions of phosphorylase. Biodiemistry. 31. 
11297-11304. 

Browner, M. F.. Hwang, P. K. & Fletterick, R. J. (19926). 
Cooperative binding is not required for activation of 
muscle phosphorylase. Biochemistry, 31. 1)291- 
11296. 

Burke. J.. Hwang, P., Anderson, L., Lebo. R.. Gorin, F. * 
Fletterick, R. (1987). Intron/cxon structure of the 
human gene for the muscle isozyme of glycogen 
phosphorylase. Proteins: Blrtxt. Fmcl. Genet. 2. 
177-187. 

Choi. Y.-L.. Knwamukai, M., Utsumi, R„ Sakai, H. & 
Komano, T. (1989). Molecular cloning and 
sequencing of the glycogen phosphorylase from 
Escherichia coli. FliBS Later*, 243, 193-198. 

Coats, W. S., Browner. M. V.. Fletterick. R. .). & 
Xewgard, C. B. (1991). An enginnwrcJ liver glycogen 
phosphorylase with AMP alio ten ti t . 
J.Biol. Chem. 266. IB) 13-16119. 

Crerar, M. M„ Hudson, J. VV., Matthews. K. E.. David. 
E. S. & Golding, G. B. (1988). Studies on the 
expression and evolution of the glycogen 
phosphorylase gene family in the rat. Qcnome, 30, 
582-590. 

Felsenstein, J. (1990). PHYLIP manual. Version 3.3 
Herbarium, University of California, Berkeley. 

Fukui. T., Shimonuira, S. & Nakano. K. (1982)." Potato 
and rabbit muscle phosphorylases: comparative 
studies on the structure, function and regulation of 
regulatory and nonrcgulatory enzymes. Mol. Cull. 
Biochtm. 42. 129-144. 

Gelinas, R. P.. Froman. B. E.. McElrov. F.:Tait. R. C. & 
Gorin. F. A. (1989). Human brain glycogen 
phosphorylase: characterization of fetal cDXA and 
genomic sequences. .Vol, Brain Ban. 6, 177-185. 

Glaser. T., Matthews. K. E.. Hudson, J. \V„ Seth, P., 
Housman, D. E. & Crerar. M, M. (1989). Localization 
of the muscle, liver and brain glycogen phosphorylase 
genes on linkage maps of mouse chromosomes 19. 12 
and 2'. respectively. Genomic*. 5. 510-521. 

Goldsmith, E. J., Sprang. 8. R. ,<t Fletterick. R. ,1. 
(1989a). Alternative binding modes for 
maltO(wntaose in the activation site of glycogen 
phosphorylase. Tmm. Amer. Chem. Assoc 25. 
37-104. 

Goldsmith, 15. J., Sprang. S. R„ Hamlin, R.. Xtiong. 
N.-H. & Fletterick, R. J. (19895). Domain separation 
in the activation of glycogen phosphorylase a. 
Science, 245, 528-532. 

Hcoht, H. J., Jahnkc K. & Buehner. M. (1987). 
Crystallization and structure determination of potato 
phosphorylase at 3 Angstrom resolution. In 
Biochemistry of Vitamin BQ (Korpela. T. & Christen 
P. eels), pp. 287. Birkhauscr Verlag, Basel. 

Higgins. p. O. & Sharp. P. M. (1SS0). Fast and sensitive 
multiple sequence alignments on a microcomputer 
CABIOS, 5. 151-153. 



Hudson. J. \V.. Hefferon. K. L, tc Crerar. M. M. (1993). 
Comparative analysis of species-independent, 
isozyme-specific amino acid substitutions in 
mammalian muscle, brain and liver glycogen 
phosphorylases. Biochim. Bivphyt. Ada. 1164 
197-208. 

Hwang, P. K. & Fletterick. R. J. (1986). Convergent and 
divergent evolution of regulatory sites in eukaryotic 
phosphorylases. Nature (London), 324. 80-84. 

Johnson. L. X.. Acharya. l\. R.. Jordan. M, D. &, 
McLaughlin. P. J. (1990). Refined crystal structure 
of the phosphorylase-heptulose 2-phoaphate- 
oligosaccharide-AMP complex. J. Mol. Biol. 211. 
645-6B1. 

Johnson. L. X.. Baiford. D.. Acharya, R.. Oikonomakos, 
X. K. & .Martin. J. L. (1992). .Ailosterie regulation of 
glycogen phosphorylase. In Proceedings of Hit Robert 
A. Welch Foundation Conference on Chemical Research 
XXXV/. Herniation of Proteins by Ugands. 
pp. 17-35. Robert A. Welch Foundation. Houston. 
Texas. 

Kasvinsky. P. J., Ma<lsen. X. B.. Sygusch, J. & Fletterick. 
R. J. (1978). The regulation of glycogen 
phosphorylase a by nucleotide derivatives: kinetic 
and X-ray cryslallographic studies. J. Biol. Chem. 
253. 3343-3351. 

honk. A.. Wilson. K. S.. Sansom. M. S. P.. Stuart. D. I.. 
Stum. E. A., Jenkins, J. A . Zanotti. G., Hnjdu. J. & 
Johnson. L. X. (1984). Ailosterie interaction of 
glycogen phosphorylase 6. A crystallographic study 
of glucose-(i-P and inorganic phosphate binding to di- 
irnidate-cross-linkecl phosphorylase b. Biochem.,1. 
218. 45-00. 

Mori. H.. Taniiawa. K. & Fukui. T. (1991). Potato tuber 
type If phosphorylase isozyme. Molecular cloning, 
nucleotide sequence, and expression or a full-leniit'h 
cDXA in Sschtricltia coli. .1 . Biol. Chem. 266. 
18466-18453. 

Xakano. K. A Fukui. T. (1986). The complete amino acid 
sequence of potato alpha-glucan phosphorylase. 
./. Biol. Chem. 261, 8230-8230. 

N'nkkuno. K„ Hwang. P. K. & Fletterick. R. J. (1980). 
Complete cUK'A sequence lor rabbit muscle glycogen 
phosphorylase. h'BBS Ltlters. 204. 283-287. 

Xakano. K.. Mori. H. & Fukui. T. (I9S9). Molecular 
cloning of cDXA encoding potato amyloplast alpha- 
ghican phosphorylase and the structure of its transit 
peptide. ./. Biochtm. 106. 691-695. 

Xaranan. V.. Brickey. D. A. & Rutherford, C, L. (1988). 
Glycogen phosphorylase V in Dxclyoslelium: 
stability and endogenous phosphorylation. Mol. Cell. 
Biochtm. 83, 89-104. 

Xcwgard, C. B.. Xakano. K.. Hwang, P. K. & Fletterick, 
R. J. (1986). Sequence analysis of the cDNA 
encoding human liver glycogen phosphorylase reveals 
tissue-specifio codon usage. Proc. .Vol. Acad. Sci.. 
C.S.A.. 83. 8132-8136. 

Xewgard, C. B., Littman. D. R.. van Gendcrcn, C. Smith, 
M. & Fletterick. R. J. (1988). Human brain glycogen 
phosphorylase: cloning. sequence analysis, 
chromosomal mapping, tissue expression and 

J. Biol. Chem. 263. 3350-3857. ' ' * 
Xewgard. C. B.. Hwang. P. K. & Fletterick, R. J. (1989), 

The family of glycogen phosphorylases: structure and 

function. Cril. Rev. Biochem. Mol. Biol. 24. 69-99. 
Palm. D.. Goerl. R. & Burger. K. J. (1985). Evolution of 

catalytic and regulatory sites in phosphorylases. 

A'nfure (London). 313, 500-502. 



Phosphorylase Ecolution 



Palm. D.. Coerl. G . Weittinger. 0-. Zeier, B.. Fischer. B 
>t Schinzcl. R. (1987). £. coH maltodcxtrin 
phosphorylase: primary structure and deletion 
mapping of the C-terminal sits. Z. naturfonch, 42c. 
394-400. 

Rath. V. L. (1991). Allosteric mechanisms in 
phospborylases. Ph.D. thesis, University of 
California. fcSan Francisco. 

Rath, V. L., Newgard, C. B.. Sprang. S. R., Goldsmith. 
E. -J. & Fletterick. R. J. (1987). Modeling the 
biochemical differences between rabbit muscle and 
human liver phosphorvlnse. Pratiinr. Struct. Fund. 
r?CT.ef. 2. 225-235. 

Rath, V. L.. Hwang, P. K.. & Fletterick, R, J. (1992). 
Purification and crystallization of glycogen 
phosphorylase from Saccharomyces cerevisiae. J. Mol. 
Bivl. 225, 1027-1034. 

Rogers, P. V.. I.uo. S„ Sucic, J. F. & Rutherford. C. I,. 
(1995). Characterization nnd cloning of glycogen 
phosphorylase I from DklyoMclium dUcmdmm. 
Hiockim. Bitrphya. Ada. 1129. 262-272. 

Rutherford. C. h. & Cloutier. M. J. (1986). Identification 
of two forms of glycogen phosphorylase in 
Dictyo/Uelium. Arch. ffioc'htm. Bivphy*. 250,'43. r >-439. 

Rutherford, C. T... Pcery, R- B.. Sucic, .!. F.. Yin. V„ 
Rogers, P. V.. I.uo.'S. & Solmin, 0. (1992), Cloning, 
structural analysis and expression of cho glycogen 
phosphorvhse-2 gene in IXctyosltlium. J. Biol. Chtm. 
267, 2294-2302. 

Sagardia, Ootay, I. & Rodriquez, M. (1971). Control 
properties vf vcost jjlvwgcn phosphorylase. Bioclitm. 
Biophy*. Bus. Cimimitn. 42, 829-835. 

Saitoii. N. & Nei, M. (1987). The neighbour joining 
method: a new method for reconstructing 
phylngfiner.ic trees. Mol. Biol. Evol. 4. 400-425. 



Sehiebel. K., Pekel. E. 4: Mayer. I). (1992). The nucleotide 
sequence of rat liver glycogen phosphorylase oDNA. 
Biochim. Biophys. Ada, 1130, 349-351. 

Shimomura, S. <t Fukui. T. (1980). A comparative study 
on alpha-glucan phosphorylnses from plant and 
animal: interrelationship between the polysaccharide 
and pryidoxal phosphate binding sites by affinity 
electrophoresis. Biockemistry. 19. 2287-2204. 

Shimornnra. .<?.. N'agai. M. & Fukui, T. (1982). 
Comparative glucan specificities of two types of 
spinach leaf phosphorylase. J. Bioohim. 91. 703-717. 

Sprang. S.. Fletterick, R.. .Stern. M„ Yang. D.. Madsen. 
M, 4, Sturtevant, J. (1932). Analysis of an allosteric 
binding site: the nucleoside inhibitor site of 
phosphorylase a. Biochemistry. 21. 203(5-2048. 

Sprang. S. R." Goldsmith. E. & Fletterick. R. .J. (1987). 
Structure of the nucleotide activation switch in 
J n pho i(i Science 237, 1012-1010. 

Sprang, S. R.. Acharvn. K. R.. Goldsmith. U, J„ Stuart, 
D. I.. Varvill. K*. Fletterick, R. J.. Madsen, N. B. & 
Johnson. L. N . (1988). Structural changes in 
glycogen phosphorylase induced by phosphorylation, 
tiatnri (LcmdimJ, 336, 215-221. 

Sprang, S. R.. Withers. S. G.. Goldsmith, R. J.. Fletterick, 
R.J.& Madsen, N\ U. ( 1991). Structural hiwis for the 
activation of glycogen phosplioryln.se/) by adenosine 
monophosphate. Hcievor. 254, 1387-1371, 

Yu.K...kn. Y.,Takeuehi. IS.. Tnouye. M„ Nakayama. H„ 
Tagaya. M. & Fukui, T. (1988). Alpha gkuan 
phosphorylase from Escherichia coli. cloning of the 
gene, and purification and characterization of the 
protein. J. Biol. Chen. 263, 13700-1371 1. 



Edited by A . King 



